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Chapter 1
Introduction
1.1 Motivation
Studying living tissues and how they undergo their development and maintenance, howthe molecules in these processes are actually formed, how their structures look like andhow they function, are questions addressed by the disciplines biochemistry, biophysics andstructural biology. Precise answers to these queries are not possible without completedetermination of the three-dimensional structure of the involved biological macromolecules.Otherwise, the structure-function relationships would always be ambiguous. Macromolec-ular crystallographers have been trying to determine precise macromolecular structuressince the 1950s. In 1962, Max Perutz and Sir John Cowdery Kendrew were awarded theNobel prize in Chemistry for their successful attempt to solve the structure of sperm whalemyoglobin [1]. This, in turn, encouraged many structural biologists to solve the structureof many other biological macromolecules. According to the protein data bank, PDB, 90611structures of proteins, nucleic acids and other biological macromolecules have been deter-mined 1. Most of these structures (92.2%) were solved using X-ray diffraction (XRD). Othermethodologies such as nuclear magnetic resonance (NMR), electron microscopy (EM) andneutron diffraction have contributed in solving the remaining structures.Solution-state NMR - the first alternative for XRD - is restricted to small macro-molecules within the range of 70 KDa. For measurements, aqueous samples up to about300-600 µl of highly purified protein, labelled with stable isotopes (15N,13 C ), with a rel-atively low protein concentration (0.1-3 µM) in a buffer solution, adjusted to the desiredsolvent conditions, are prepared in a thin walled glass tube. The collected data provideinformation on the structure and dynamics of proteins under investigation. EM (also called
1as per 14-05-2013
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Figure 1.1: Bragg’s reflection law. The diffracted X-rays exhibit constructive interference when thedistance between paths ABC and A’B’C’ differs by an integer number of wavelengths (λ) [2].
Cryo-EM), on the other hand, studies protein samples at cryogenic (100K ) temperatureswithout changing their native surroundings. Yet, the accomplished resolution (precision)of cryo-EM maps is not high enough yet to allow for unambiguous model constructionof the studied proteins. Because of the size restriction for NMR and low resolution ofEM, scientists still rely on collecting data not from single macromolecules, but from anarray of this macromolecule identically arranged in all three (or two) spatial dimensions,i.e. a crystal. In this way, the signal is much stronger and the error (so-called noiseto signal ratio) is set to a minimum. In order to allow for this 3D (or 2D) assembly ofmolecules, i.e., crystallisation, the protein is placed in non-physiological environments,which can occasionally lead to small conformational changes. A beam of rays can then bedirected toward this crystal and because of the interaction with all its elements (electronsor nuclei), the rays undergo diffraction into many specific directions if the size of theseelements is comparable with the wavelength of the incident beam, such that:
nλ = 2dsinθ (1.1)where n is an integer representing the order of diffraction; λ is the wavelength of theincident beam; d is the spacing between the adjacent planes in the crystalline lattice;and θ is the angle between the incident beam and the scattering planes. Equation 1.1 isknown as Bragg’s law (Fig.1.1).A crystallographer measures the angles and intensities of the diffracted beams, andproduces a three-dimensional picture of the electron/nuclei density within the crystal.From this density map, the mean positions of the atoms in the crystal can be determined,as well as their chemical bonds, their disorder and various other properties.Depending on the beam source, several methods have been accomplished. In neutrondiffraction, the least used method, a beam of neutrons interacts directly with the nuclei
1.2. PROTEIN CRYSTALLISATION 13
within the crystal under investigation. The main advantages of this technique are thesensitivity to light atoms, the ability to distinguish isotopes and absence of radiationdamage [3]. For neutron diffraction, relatively large protein crystals (about 0.5-1 mm3)are required to give good resolution, which are usually challenging to grow.In X-ray crystallography, fortunately, 10 times smaller crystals (20-100 µm) thanthose required for neutron diffraction are sufficient. During diffraction, X-rays interactwith the electron clouds surrounding the nuclei and, therefore, the diffraction intensity isdirectly related to the atomic number (Z ) of the atoms. Unlike neutron diffraction, XRDis not sensitive to hydrogen atoms, yet their positions within the macromolecule can beestimated during XRD data processing. An intrinsic problem of X-rays is the radiationdamage. Cooling the crystals down to cryogenic temperatures (so called cryoprotection)increases the crystal lifetime, but even the prolonged exposure time is often insufficientfor the collection of a complete data set from a single crystal. Later, scientists havedeveloped intense and tunable X-ray beams produced by synchrotron radiation facilities,which provide highly intense radiation and thus complete data sets can be collected inone-tenth the time required for achieving this task using a conventional X-ray tube.Nevertheless, cryoprotection induces long range disorder within the crystals (so calledmosaicity) with a concomitant probability of icing. These effects adversely affect the finalquality of the resultant diffraction pattern.Very recently, a very powerful new source known as the X-ray free-electron laser(XFEL) has been introduced to overcome the above mentioned problems by providingincredibly intense pulses of X-rays (up to 1013 photons) in a duration of about tenfemtoseconds (10−14 s). These XFEL pulses allow for using nanocrystals and collectingdiffraction data at room temperature. Yet, the degree of precision (resolution) for theirexample (5.7Å) is still far lower than that collected using synchrotron radiation (1.9Å) [4].Better results are reported when the nancrystals were crystallised in vivo [5], which inturn is not yet a widely applicable crystallisation technique.Therefore, still the large majority of crystallographers rely on X-ray crystallographyin their determination of the macromolecular structure of proteins and other biologicalmolecules. For this, the growth of high quality protein crystals (≈ 20-100 µm) is aprerequisite to apply this methodology.
1.2 Protein Crystallisation
Protein crystallisation is the basis for X-ray crystallography. The ultimate aim of macro-molecular crystallography is to produce a model of the macromolecule of interest which
14 CHAPTER 1. INTRODUCTION
Figure 1.2: Unit cell parameters.
interprets the diffraction images. Proteins, like many molecules, can be prompted to formcrystals when placed under the appropriate conditions. During crystallisation, the purifiedprotein undergoes slow precipitation from an aqueous solution. As a result, individual pro-tein molecules align themselves in a repeating series of unit cells by adopting a consistentorientation (Fig. 1.2) The resultant crystalline "lattice" is held together by non-covalentinteractions [6].After the growth of a sufficiently big crystal, the crystal is fished from its mother liquor,immersed in a cryoprotectant, frozen by being immersed in liquid nitrogen (cryoprotected)and used for XRD experiments. The acquired images of the diffraction patterns areprocessed by using iMOSFLM [7] or other equivalent software in order to get the Bragg’speaks and the associated integrated intensities (I). An estimate for the crystal latticeparameters (a, b, c, α, β, γ), mosaicity and symmetry elements (how the molecules arerelated to each other) are provided at this stage. Diffraction results in a set of deflectedbeams, which are characterised by different amplitudes and phases. The amplitude is easilydetermined because it is ∝ √I . By measuring intensities the phase of each Bragg peakis lost, but it can be retreived using for instance the CCP4 suite [8]. The resultant modelcan be refined and validated before being deposited in the protein data bank (Fig. 1.3).The accuracy of the structure determination depends on the maximum scattering anglethat still has an acceptable signal to background ratio. Following Bragg’s law, a maximumscattering angle θ corresponds to a minimum d spacing, which is the minimum size ofthe structural details that can be resolved. The larger the θ , the more the details areresolvable. For protein crystallography, the terms low (>6 Å), moderate ( 6-2 Å) and high(<2 Å) are used for different levels of resolution (Fig.1.4). Resolution is a parameter whichdepends mainly on the quality of the crystal; it influences and limits all the subsequentdata processing for building the macromolecular model. Thus, the growth of high qualitycrystals which eventually provide a high quality X-ray diffraction pattern is the bottleneckfor protein structure determination.
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Figure 1.3: Hen egg-white lysozyme (HEWL) crystallised into a high quality monoclinic crystal(a). An X-ray diffractometer was used to record diffractograms (b), which can be used to solve the3D macromolecule structure as shown in the model built using Coot [9] (c).
Figure 1.4: The fraction of the solved biological macromolecules (relative to the total number ofsolved structures) as a function of their accomplished resolution, as per 14-05-2013.
Indeed, protein crystallisation is still an exacting and difficult task compared to manyother compounds. The nucleation and growth of protein crystals of high quality requiresconditions close to those for getting amorphous aggregates. Good knowledge of thephysico-chemical properties of the target protein (its isoelectric point, compatible bufferand precipitant, etc.) is important before proceeding with any crystallisation trials. Mostproteins are not available in large quantities and therefore they require being expressedand afterwards isolated from genetically engineered sources at high purification levels inorder to be usable for crystallisation trials. The process is twice as difficult for membraneproteins, because of their hydrophobicity and limited stability in detergents. If the factorsinfluencing the target protein are known, controlled supersaturation can be obtained eitherinstantaneously by direct mixing of the protein with the excess precipitant or gradually
16 CHAPTER 1. INTRODUCTION
Figure 1.5: A schematic drawing of a protein crystallisation phase diagram based on two of the mostcommonly varied parameters, protein and precipitant concentrations. The four major crystallisationmethods are indicated: (A) Batch crystallisation. (B) Vapour diffusion. (C) Dialysis. (D) Free-interface diffusion (also known as liquid/liquid diffusion). In all cases the system, starting fromthe black circles, needs to reach the nucleation zone, after which it makes its way through themetastable zone and eventually arrives at the solubility curve. Each method achieves this journeyvia a different route [11].
by allowing solvent evaporation, salting out, or adding an additive to change the physicalenvironment [10]. In all cases, the aim is to decrease the protein solubility to inducenucleation and subsequent crystal growth, according to the phase diagram (Fig.1.5).
1.3 Crystallisation Methods
Several methods which have been developed to induce crystallisation of biological macro-molecules are listed in Table 1.1. The methods vary from those providing predefinedcrystallisation conditions (bulk and batch methods), to those relying on the gradual vari-ation of the supersaturation at the site of crystallisation (vapour diffusion). The lattercan be also accomplished either by manual change of the precipitant concentration, pHor temperature (bulk dialysis and gradual change of temperature), or by slowly mixing ofprotein solution and precipitant solution, which are designed to be initially apart (freeinterface diffusion).Among these methods, the vapour diffusion method is the one which, so far, has yieldedthe largest number of crystals, followed by the (micro-)batch and the dialysis techniques.This is not a deficiency of the latter two methods, but rather a tendency of the investigatorsto continue using the vapour diffusion method. This technique, with its different designs
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of hanging drop, sitting drop and sandwich drop, has stayed on the throne of proteincrystal growth since the sixties [12]. Despite its suspected inability to grow the bestcrystals, it is popular because of its cheap and easy setup. In addition, various solutionparameters can be screened simultaneously using robots against a cost of only 1-10 µl ofthe valuable purified protein per trial. This explains the continued reliance on this simpleand economical technique.The (micro-)batch method provides the simplest approach to yield high quality crystalsif the optimal crystallisation conditions are known. In addition, the micro batch configura-tion allows for screening at the cost of micro- to nanolitres of the target protein solution.The dialysis method, on the other hand, is only used when the growth of very large crys-tals for neutron diffraction experiments is required. The possibility of manipulating theconditions to keep the crystal growing is an advantage in this case, yet it is only usefulif the crystal surface does not get blocked by impurities or misoriented protein molecules.Handling protein crystals afterwards is not trivial either. Most protein crystals aresmall (<400 µm). They are very delicate and possess very poor mechanical propertiesand high solvent content (up to 80%). This watery nature together with their relativelylarge unit cells make them less ordered compared to e.g. inorganic crystals. In 1934, itwas discovered that protein crystals examined in their mother liquor gave better diffractionpatterns than dried crystals [13]. Since then, special care is given to maintain theirhydration during crystallisation and X-ray measurements.Despite the development of different techniques to crystallise biological macromolecules,the whole procedure is not always straightforward. The diffraction limit is usually too lowto facilitate the determination of the protein macromolecular structure at sufficiently highresolution. Only about 1 % of the human proteins have been structurally studied. Unfor-tunately, this does not fit with the revolution in the development of X-ray and synchrotronsources, the accompanied data collection and analysis tools. This issue is more dra-matic regarding membrane proteins, which represent less than 1.4 % of the solved proteinstructures 2, despite their importance in the cell proteome. In addition, the structure ofalmost half of the solved proteins are only determined to a resolution limit >2 Å. Thesechallenges and the subsequent difficulty of determining the structures to a reliable levelhave turned protein crystal growth studies into a new independent discipline.
2Protein data bank as per 14-05-13
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Table1.1:Summaryofthemostcommonmethodsusedinmacromolecularcrystallisation
Method
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Bulkcrystalli-
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Predefinedfinalcrystallisa-
tionconditions
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micro-batchmethod
Notsuitableforproteins
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brationtoachieveoptimal
growth
Bulkdialysis
Liquid-liquidinterdiffusion
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icalandchemicalenviron-
mentduringcrystalgrowth Growthofverylargecrys-
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Free-interface
diffusion
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1.4 Growth Kinetics & Impurity Incorporation
The difficulty of growing high quality crystals, capable of diffracting X-rays to high reso-lution limits is, in part, due to the many solution parameters -both chemical and physical-that must be taken into account. In addition, protein purity is a major factor in the successand reproducibility of crystallisation experiments [14]. Highly pure protein is a prerequi-site, which is not easily accomplished even for commercially available globular proteins.The driving force for crystallisation (∆µ) is the most important variable controlling thegrowth rate of crystals. ∆µ is determined by the supersaturation, ln(C/Ceq), with C theactual and Ceq the equilibrium solute concentration, such that:
∆µ = KBT ln(C/Ceq) = KBT σ (1.2)
with KB is the Boltzmann constant; T the absolute temperature and σ the supersaturation.This parameter needs to be finely tuned until a crystal of sufficient size (preferably> 100 µm) is formed.Unfortunately, protein crystals are also very sensitive to defects, which are formedpartly because of fluctuations in the supersaturation in the vicinity of the growing crystalsand partly due to the incorporation of impurities. To study quantitatively the impurityincorporation during protein crystal growth, knowledge of the diffusion coefficient (D),kinetic coefficient (β), and distribution coefficient (k) for both protein macromolecules andimpurities is a prerequisite. The diffusion flux J (mol/m2s) is
~J = −D ~∇C (1.3)
where C is the concentration (mol/m3). D depends on viscosity and temperature and it isaround 10−11− 10−10 m2/s for proteins. β is the constant of proportionality between thenormal crystal growth rate V and the supersaturation, assuming linear kinetics.
V = βσ (1.4)
For impurities (i), βi defines the trapping or the uptake of impurities into the growingcrystal surface and its value is roughly inversely related to the molecular size of speciesand directly with its concentration. The tendency of an impurity to be incorporated duringthe crystallisation of specific macromolecules depends on the ability of this impurity tobe adsorped on kinks, ledges and terraces on the surface of the growing crystal. In itssimplest form, the impurity uptake, Ji is directly related to its concentration, Ci, at thedirect vicinity of the crystal surface, such that:
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Ji = βiCi (1.5)If we want to quantitatively describe the selective segregation (incorporation) of im-purities of (in) a crystal, the volumetric distribution coefficient (k) must be determined. kis defined as the ratio of the impurity concentration in the crystal to that in the motherliquor immediately at the interface.
k = Ci crystalCi solution (1.6)Multiplying k by the ratio of the target protein concentration (p) in solution relative tothat in the crystal, one obtains the surface distribution coefficient (K) [15].
K = k Cp solutionCp crystal = Ci crystal/Cp crystalCi solution/Cp solution (1.7)Both k and K describe the relationship between the protein molecules and the accom-panied impurities,[15]. K defines the actual purification upon crystal growth: if K <1,purification occurs upon crystallisation; if K >1, the crystal traps more impurities in theearly beginning. k determines the impurity related process during crystal growth. For animpurity i, βi and k are related through the crystal growth rate,
βi = (k − 1)V . (1.8)
Therefore, if k <1, βi and thus the net impurity flux, Ji is negative. This implies thatimpurities are repelled during crystal growth, leading to their accumulation in the liquidadjacent to the advancing growth front. On the other hand, if k >1, (as the case for mostof structurally related and micro-heterogeneous impurities) βi and thus Ji are positive andthe growing crystal preferentially sequesters the impurity from the solution, which resultsin a depletion of impurities in the liquid ahead of the growth front. Impurity incorporationand defect formation can be much reduced if convection currents are suppressed [16].
1.5 Importance of Eliminating Convection
Crystal growth takes place by two consecutive steps: the transport of growth units towardsthe crystal, followed by their incorporation at the crystal surface. If the mass transportof the growth units toward the crystal surface is slow, the transported units are easilyincorporated into a crystal surface position of high bond strength and vice versa. This
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incorporation proceeds via the Terrace-Ledge-Kink model [17] as displayed in Fig.1.6.Slow mass transport is most likely the case when solution movements are suppressed,while the molecules are individually transported due to their concentration gradient fromareas of high to low concentration. This is the so-called diffusive mass transport. If thereis a sufficient time for all surface processes, the crystalline surface can easily discernforeign particles (impurities) and detach them by desorption.However, in a fluid medium which encounters local changes in its concentration, likewhat a solution encounters at the interface of a growing crystal, convection currents candevelop such that areas with lower concentration, and thus density, experience an up-thrust force due to gravity. This is known as natural or buoyancy-driven convection.In addition, the development of a surface tension gradient along the interface betweenvapour and solution, which in turn is induced by the development of solute concentrationgradients, results in another type of convection, called Marangoni convection, even in theabsence of gravitational forces. This occurs during the application of the vapour diffusionmethod.In the presence of these convection currents, the two step process of crystal growth iseasily disturbed and results in fast growth of less ordered crystals which comprise higherfractions of impurities. This is because the rapid convective mass transport continuouslyrefreshes the crystal surface with bulk solution, which contains a relatively high concen-tration of target macromolecules, but also impurities and microcrystals. This producesinstabilities in the crystal growth rate and induces local supersaturation fluctuations inthe interfacial layer at the crystal surface. As a result, the target molecules may getrandomly incorporated into the crystal surface. In addition, the solution flow enhancesthe interfacial supply of impurities that are incorporated into the crystal. This inducesstep bunching even in high purity solutions (99.9%) if the characteristic adsorption timesof these impurities are comparable to the exposure times of the terraces between steps[18]. Even worse, at low growth rates, convection enhanced impurity transport can resultin complete growth cessation.In the absence of convection, the mass transport only occurs by diffusive flow. Thenthe supply of macromolecules is very slow compared to the incorporation /adsorption /des-orption process at the crystal surface. In convection-free crystal growth, after nucleation,significant concentration gradients of all the mother liquor constituents develop aroundthe growing crystal without leaving room for fluctuations. Thus, a macromolecule depletionzone develops, but also an impurity depletion zone if k >1.Regarding impurity incorporation, an impurity with k >1 accumulates in the crystalcore, but this in combination with diffusive mass transport enhances the development of animpurity depletion zone in the neighbourhood of the crystal. In this case, the incorporation
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Figure 1.6: A schematic depiction of the mechanisms responsible for the growth of a crystallinesurface from a solution. Growth units in the supersaturated liquid are transported to the crystalsurface, where they adsorb at a terrace or incorporate directly into a step. Adsorbed growth unitsmay desorb from or diffuse across terraces; they may also incorporate into a step entering itsfront or back side of the step. Symbols kb, ks+, and ks− denote step kinetic coefficients for theincorporation of growth units from the bulk phase, the lower and the upper terraces, respectively[19]
of impurities is suppressed because of the effective decrease in their flux towards the crystal(Fig. 1.7). Consequently, the crystal can grow further more perfectly and diffracts X-raysto high resolution, unless harmful mosaicity is induced at the very beginning of nucleation[20].On the other hand, an impurity with k <1 allows crystals to grow with pure cores,because it is excluded from the crystal surface (Fig. 1.7). However, while the crystal grows,the target protein-depleted solution nearby the crystal becomes relatively impurity-richand, therefore, impurities are more easily trapped into the growing lattice and distort it[21]. In this case, the early harvest of the protein crystal is advantageous. Beside theability of diffusive mass transport conditions to reduce impurity incorporation, they alsoprevent sedimentation of microcrystals and polycrystalline growth.In the presence of natural or Marangoni convection, the crystallisation solution is con-tinuously mixed and no depletion zones develop. The consequent growth rate fluctuationsand surface processes lead to less crystalline perfection as they are in the absence ofconvection. This fact led scientists to look for alternatives in order to eliminate convectivemass transport and thereby reduce defect formation.
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Figure 1.7: Schematic diagram for the relation between segregation coefficient and impurity dis-tribution in the crystal during diffusion-limited growth.
1.6 Attempts to Eliminate Convection
Pointing out gravitational force as a main cause of poor crystal quality, scientists attemptedto eliminate its effect in several ways as summarised in Table 1.2. In 1984, Littke andJohn conducted the first space microgravity experiment [22]. This was considered a greatbreakthrough, which was quickly published in "Science" as a paper displaying two opticalmicroscope photos. Spacelab I experiments, conducted by the same group until 1988,involved the growth of two macromolecules: Lysozyme and beta-galactosidase [23]. Theirreport was positive since they observed the growth of larger single crystals. FollowingLittke’s experiments, a number of investigations have been carried out which often resultedin high quality crystals.Prior to space experiments, other attempts were conducted using capillary tubes andgels. In a capillary, liquid flow against gravity can be realised and thus protein crystalsgrow in microgravity resembling conditions. This is particularly useful if the macromoleculeis too fragile to be transported from the growth cell to the X-ray capillaries or mountingloops [24]. Crystallisation in gels is another alternative in which a highly dense gel matrixcounteracts the convection [25]. A series of low and high molecular weight proteins wereinvestigated in gellified media [26] and the results were promising. Yet, the resolution ofgel-grown crystals, on average, lies in between those of earth-grown and space-growncrystals [27, 28]. Nowadays, the implementation of gel growth is also investigated undermicrogravity.Because of the restricted opportunities and access, space experiments still face a num-ber of unsolved technical and conceptual problems. This explains the continued relianceof the crystallographers on earth-based growth techniques.
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Table1.2:Variousmethodstosuppressconvection
Method
Principle
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Inverynarrowvials,
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solution-surfaceinteraction
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tionofthegelwithsolutes,
includingthetargetprotein
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boardaspacecraft
Sedimentations
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One of these techniques that is capable of dampening the natural convection dueto gravity is the use of magnetic fields. Wakayama reviewed the studies conducted onthe effects of magnetic fields on protein crystal growth, and she claimed that magneticfields could improve the quality of protein crystals through four mechanisms [29]. Theycan (i) magnetically align protein nuclei in the mother liquor and (ii) induce increase insolution viscosity. In addition, magnetic fields can (iii) dampen natural convection by theLorentz force as well as (iv) by applying an upward magnetic force, to counteract thegravitational force, resulting in a lower gravity growth environment. Later, it was showntheoretically [30] and experimentally [31] that the levitation of the growth solution is notthe correct condition to suppress convection. By exploiting gradient magnetic fields, it wasshown that completely convection-free crystal growth can be accomplished, not only forinorganic compounds [32], but also for proteins [33]. Nevertheless, the high field strengthsrequired for these diamagnetic protein molecules present an obstacle to generalise thistechnique. Moreover, the crystal and mother liquor respond differently to the magneticfield; Convection, a property of the fluid, and sedimentation, a property of the crystals,are not eliminated simultaneously, allowing, in principle, the evaluation of their individualimportance in protein crystal growth [31].
1.7 Towards an Applicable & Terrestrial Microgravity
Despite the awareness of crystallographers of the consequences of working in gravity,they continue to hold on using the vapour diffusion [34] and micro-batch methods [35].Not only do these methods effectuate buoyancy-driven convection, but the presence ofa solution-vapour interface also induces Marangoni convection. Yet, the fact that theyare accessible, not expensive and induce crystallisation explains their popularity amongstructural biologists (Fig. 1.8).
Figure 1.8: A schematic diagram of different commercially available crystallisation techniques:hanging drop (a) and sitting drop (b) vapour diffusion, microbatch (c), micro-dialysis (d), andcounter-diffusion in a capillary tube (e) [36]
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It was shown earlier through numerical simulations that Marangoni or surface tensiondriven convection is comparable if not more important in impact than natural or buoyancydriven convection [37]. Even by considering zero gravity, it was shown that the presence ofMarangoni convection resulted in a disturbance in the isoconcentration lines in a mannersimilar to that observed at 1 × g without Marangoni effects. The ideal situation isif both buoyancy and surface tension driven convections are suppressed. Microgravityand related methodologies are not capable of suppressing the surface tension-inducedconvection introduced by concentration gradients at the liquid-vapour interface. Thispartly explains the frustrating results of microgravity experiments which yielded highresolution crystals in only 50 % of the conducted trials [38]. Compared to vapour diffusion,the micro-batch method has the advantage that Marangoni convection is much lower ifconducted under oil. In a comparative study, out of 58 crystallisation conditions, 17hits would have been missed if micro-batch had not been used at all [39]. However,micro-batch conducted under oil (silicon/paraffin) is not always a good choice for allmacromolecules. For instance, membrane proteins require the addition of some detergentsinto the crystallisation solution. This will certainly interfere with the intended function ofthese oils. To conclude, an accessible, economical, applicable and non-demanding methodwhich permits both nucleation and crystal growth under diffusion-limited solute transport,not disturbed by buoyancy or surface tension driven convections. is required.
1.8 Ceiling Crystallisation
In 2008, Poodt and his co-workers proposed a new upside-down setup to achieve thebeneficial effects of microgravity crystal growth by exploiting buoyant forces instead ofovercoming them. Sodium chlorate and Hen Egg-White Lysozyme (HEWL) were used asmodel systems [40]. They concluded that crystal growth in this configuration leads to theformation of a buoyancy-assisted depletion zone where unwanted convection is suppressed.This was indicated by the decreased growth rate and elongated morphology of tetragonalHEWL crystals. These observations confirmed the diffusion limited growth, just as wouldhappen in the absence of gravity (Fig. 1.9).It is worthy to note that in this configuration a solution-vapour interface is not presentand thus Marangoni convection is avoided as well.
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Figure 1.9: The development of the depletion zone around a ceiling crystal (a) is accomplishedin a manner very similar to that for a crystal grown in microgravity conditions (b). However, thedepleted solution is up-thrust in any other terrestrial crystallisation conditions (c)
1.9 This Thesis
In this thesis, I present a detailed characterisation and validation of the upside-downapproach, which is dubbed later the Ceiling Crystallisation Method. The figure of meritin protein crystallography is the resolution from X-ray diffraction. Test model proteinsare used to examine the diffraction quality of the ceiling crystals and whether they showan improvement compared to batch grown crystals. As elaborated in chapter two, theresults are based on characterisation using both laboratory X-ray sources and synchrotronradiation. Numerical simulations combined with Mach-Zhender based Phase ShiftingInterferometry (PSI) are presented in chapter three. PSI is a very precise techniqueable to quantitatively monitor solute concentration profiles during crystal growth. Themethod is applied to monitor the real time solution processes during ceiling and batchcrystal growth and dissolution. The purification effect of the ceiling method is exploredusing impurities with different segregation coefficients and is characterised by qualitativeand quantitative techniques. This is presented in chapter four. Relying on fluorescentlylabelled protein monomers, a study on the growth history of protein crystals is performed.Characterisations are done using confocal fluorescence microscopy. This is discussed inchapter five. As a technical development, chapter six describes our home-made ceiling kitfor an easy optimisation of protein crystal growth using the ceiling method.
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Chapter 2
High Resolution Protein CrystalsUsing an Efficient Convection-FreeGeometry1
AbstractMacromolecular crystallography is the most direct and accurate approach to determinethe three-dimensional structure of biological macromolecules. The growth of high qualitysingle crystals, yielding diffraction to the highest X-ray resolution, remains a bottleneckin this methodology. Here we show that through a modification of the batch crystallisationmethod, an entirely convection-free crystallisation environment is achieved, which enhancesthe purity and crystallinity of protein crystals. This is accomplished by using an upside-down geometry, where crystals grow at the "ceiling" of a growth-cell completely filledwith the crystallisation solution. The "ceiling crystals" experience the same diffusion-limited conditions as in space microgravity experiments. The new method was testedon bovine insulin and two hen egg-white lysozyme polymorphs. In all cases, ceilingcrystals diffracted X-rays to resolution limits beyond that for other methods using similarcrystallisation conditions without further optimisation. In addition, we demonstrate thatthe ceiling crystallisation method leads to crystals with much lower impurity incorporation.
1The content of this chapter has been published as: Alaa Adawy, Etienne Re-buffet, Susanna Törnroth-Horsefield, Willem J. de Grip, Willem J. P. van Enckevort& Elias Vlieg (2013). Crystal Growth & Design 13, 775-781
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2.1 Introduction
During biosynthesis, proteins fold into their specific three-dimensional structure, whichdetermines their physico-chemical and biological properties, such as biostability, function-ality and interaction pattern. Therefore, knowledge of the three-dimensional structure ofproteins has become a crucial tool in bioinformatics, medicinal chemistry and pharmacology,in order to understand and manipulate the structure-function relationships of a protein,both for fundamental (structure and function prediction, synthetic biology) and applied(structure-based drug design) purposes. The most popular and successful methodology todetermine the three-dimensional structure of proteins at sufficient resolution (preferably<2 Å) is the analysis of their crystals by means of X-ray diffraction [6, 10]. Under theappropriate conditions, proteins can be induced to form crystals, where individual proteinmolecules align themselves in a repeating series of unit cells by adopting a consistentorientation. However, compared to most other molecules, crystallisation of proteins re-mains a laborious and complex process. This is mainly due to the difficulty of purifyingthese macromolecules to an optimal level. While crystallisation itself is one of the mostefficient methods to purify proteins, the large number of solution parameters that must betaken into account, such as pH, temperature, as well as buffer and precipitant additives,greatly affect the purity of the grown crystals. While protein purity is a major factor inthe success and reproducibility of crystal growth experiments for structure determination,impurities like salts, other protein species, and micro-heterogeneity of the protein itselfmay affect the size and perfection of the crystals, with concomitant loss of their diffractionresolution[41, 42]. Another difficulty arises because protein crystals are typically grownat a high supersaturation. This is required to form the initial nuclei, but also stimulatesdefect formation during subsequent growth. From a physico-chemical viewpoint, masstransport is an essential parameter in crystal growth from aqueous solutions. Gravity-driven convection is one of the principal problems that affects protein crystal quality inmost terrestrial crystallisation methods[43, 6, 10]. Natural convection causes a randommixing of the solution constituents. This, in turn, induces fluctuation of the supersaturationat the crystal-solution interface, which subsequently causes unfavourable growth rate fluc-tuations. In addition, convection currents increase the probability of impurity adsorptionby transporting them to the vicinity of the growing crystal, with an increasing chance ofincorporation at higher crystal growth rates. These scenarios will result in poorly diffract-ing crystals possessing higher density of impurities and lattice defects. Therefore, in orderto regulate the kinetics of the crystal growth, it is important to eliminate the contributionof the convective mass transport and achieve diffusion-limited conditions. Gravity-inducedconvection inspired researchers to test microgravity for their crystallisation experiments in
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parabolic flights and space shuttles [44]. Nevertheless, the efficacy of these space micro-gravity experiments remains unsettled to date due to the paucity of flight opportunitiesand the considerable expenses involved [45, 46]. Other attempts to suppress the convec-tion currents on earth, such as crystallisation in capillaries [47], gels [48], hypergravityand magnetic fields [49] have shown to be only partially successful or methodologicallydemanding. Therefore, protein crystallographers largely hold on to the classical vapour-diffusion method in view of its versatility, low expense, simple set-up and easy conversionto robotic high-throughput assays [34]. Better results are often reported using the batchmethod, which - although being disturbed by convection - provides relatively constantpredefined crystallisation conditions [50]. Here, we present an efficient modification ofthe batch method, which provides convection-free growth conditions in a laboratory-basedset-up, resembling those in a microgravity environment, essentially by exploiting gravity,and yields crystals of improved quality compared to the traditional set-ups.
2.1.1 Ceiling CrystallisationRecently, we proposed a new method, which mimics the beneficial effects of microgravityby exploiting buoyant forces instead of overcoming them. Our preliminary conclusionswere based on the morphology and the optical quality of the tetragonal Hen Egg-WhiteLysozyme (HEWL) crystals, but no full X-ray diffraction assessment using synchrotronradiation was performed. The principle of the approach is shown in Fig. 2.1. A growth cellis completely filled with a supersaturated protein solution. This cell is sealed with a coverslip, at which nucleation and crystal growth occur. The cover slip can be of any materialthat favours heterogeneous nucleation. Crystals which nucleate and grow at the "ceiling"of the growth cell gradually deplete the surrounding solution from protein and, thereby,a depletion zone with lower density develops. Owing to buoyancy, this lower-densitysolution remains at the topmost part of the growth cell, that is, no convection occurs. Thisdepletion zone expands slowly downwards, leading to a vertical concentration gradient.In a vibration-free environment, mass transport of macromolecules through this gradienttowards the ceiling will only occur by diffusion, hence crystal growth becomes diffusion-limited. We will refer to crystals growing in this geometry as "ceiling crystals", and tothis crystallisation method as "ceiling crystallisation method". Not only does this ceilingmethod offer diffusion-limited growth, it also improves crystal homogeneity due to thereduced growth rate at the lower supersaturation, and therefore, crystal growth becomescontrolled mainly by surface kinetics. Moreover, due to the cessation of convection, therates of impurity incorporation are greatly reduced and, for obvious reasons, sedimentingmicrocrystals will not be incorporated. To investigate whether the benefits of the ceiling
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Figure 2.1: The ceiling crystallisation method: The growth vial is completely filled with batchsolution. On the cover slip, (heterogeneous) nucleation and subsequent growth of ceiling crystalsstarts to gradually deplete the nearby solution, resulting in the formation of a depletion zone.Owing to gravity, a vertical concentration gradient is formed in which mass transport occurs onlythrough diffusion. Regular batch crystals, growing at the bottom, will be affected by convectioncurrents and sedimentation.
method lead to the growth of protein crystals which possess higher perfection and diffractX-rays to higher resolution, we applied this method to produce protein crystals which havebeen extensively studied and we tested their extent of diffraction by using synchrotronradiation. We used T6 bovine insulin, and tetragonal and monoclinic HEWL. We stress thatwe applied the crystallisation conditions reported in literature without further optimisationand in all cases find significantly improved resolution limits, even while using growthsolutions of lower purity.
2.2 Materials and Methods
2.2.1 Crystallisation ConditionsBovine insulin (powder) was purchased from Sigma (lot number 069k09822) and usedwithout further purification. The stock solutions of the protein as well as the crystalli-sation solution were prepared using the protocol described in [51], except that the finalconcentration of insulin was 0.75 mg/ml, and no acetone was used. The ceiling T6 bovineinsulin crystals grew as rhomboids up to 75 µm in length after two weeks of incubation at20oC. HEWL was purchased from Sigma (Cat. No. L6876) and used without further pu-rification. According to the product information the material was about 90% pure monomer,
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the remainder consisting of salt and some dimeric HEWL. All other chemicals were ofreagent grade. Tetragonal and monoclinic crystals were grown from solutions containing4% w/v NaCl and 2% w/v NaNO3, respectively, as precipitants in 0.1 M sodium acetatebuffer (pH 4.5) at 20oC. Ceiling tetragonal and monoclinic crystals grew to around 0.5and 1 mm, respectively, along their c-axis, after 14 days of incubation. Using the flu-orescent dye DY-632-01 (MW=950.03 g/mol, Dyomics), HEWL monomers were labeledat a molar ratio of 1:1 and purified by gel permeation (F-Lyz). Bovine Serum Albumin(BSA), purchased from Sigma-Aldrich (Cat. No. 85040C), was used without further pu-rification. Both impurities were used individually as contaminants in tetragonal HEWLcrystallisation trials. Control experiments were performed in parallel without addition ofthese compounds. From every growth cell, crystals were then collected separately fromthe cover slip (ceiling crystals) and the bottom of the growth cell (batch crystals).
2.2.2 Crystallisation SetupsProtein Lo-bind, PCR clean vials (Eppendorf) were used to prepare the crystallisationsetups. Microtubes (volume capacity 800 µl), microplates (384/V-PP; volume capacity 150µl/well) and nanoplates (1536/V-PP; volume capacity 10 µl/well) were used as growthcells to allow both large and small scale crystallisation trials. A thin bead of a coverslip sealant (vacuum grease) was applied to the upper edge of the vial, which was thencompletely filled with the batch crystallisation solution to avoid solution or air leakagesout of or into the growth vials. The vials were then kept in a thermostated chamber,which was placed on a vibration-free table (TMC sys 366-501) with temperature control(± 0.1oC) by means of a Julabo F-25 circulator.
2.2.3 Characterisation of CrystalsA polarisation microscope (Leica DM-RX) was used in transmission mode, for in situpreliminary observations of the crystal morphology. Images were collected using a videocamera (Evolution VF) and processed using Image Pro plus 2 software. A confocal fluo-rescence microscope (Leica DM IRE2) was used for the in situ characterisation of F-Lyzincorporation into tetragonal HEWL crystals. In order to observe the crystals under themicroscope, the glass cover slip with the attached crystals (ceiling crystals) was movedto cover an observation cell, which consists of a rubber ring and a bottom glass slide.This observation setup was completely filled with the mother liquor taken from the growthcell. Batch crystals were collected from the bottom of the vial and were placed in an-other observation cell, which was also completely filled with the remaining mother liquor.
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Fluorophore detection was achieved by excitation using a HeNe laser (632.8 nm). Theobservation (fluorescence) wavelength range was 645 - 750 nm, using an excitation in-tensity of 17%, a PMT gain of 422V and a pinhole diaphragm diameter of 72.54 µm. Forall diffraction studies, HEWL and insulin ceiling crystals were collected from the glasscover slips. Cryoprotection was rather easy, because the crystals are left with a verysmall volume of the crystallisation solution and the cryoprotectant is added onto the samecover slip. The crystals are easily dislodged from the glass surface and fishing using acryoloop is straightforward. The crystals selected for synchrotron diffraction analysis weresoaked in more viscous mother liquors containing 25% polyethylene glycol 400 (HEWLpolymorphs) and 20% glycerol (bovine insulin), flash-frozen in liquid nitrogen and cooledin a 100 K nitrogen stream during the measurements. These cryoprotection conditionsare not optimal, but were not further optimised. Synchrotron data collection was carriedout at the microfocus beamline ID23-2 of the European Synchrotron Radiation Facility(ESRF) in Grenoble, with a maximal observable resolution at the edge of the detectoraround 0.9 Å. This beam line (λ = 0.873 Å) is optimised for data collection from very smallcrystals, which is advantageous for the insulin crystals (edge length 25-75 µm) but notnecessarily for the larger tetragonal and monoclinic HEWL crystals (length along c-axis0.35-1.00 and 0.9-2.5 mm, respectively). It is notoriously difficult to define and comparethe X-ray resolution of a protein crystal produced by different research groups, becausedifferent definitions are used. Here we use for bovine insulin the resolution obtainedfrom the structure determination as discussed in the following section. When a completedata set is not available, we use the highest shell of clearly observable X-ray reflections(Ispot/Ibackground = 1.25, σ = 0.1). In order to check the reproducibility and statisticalrelevance of the results, tetragonal and monoclinic HEWL crystals grown in microplateswere subjected to diffraction at 100 K using a laboratory X-ray diffractometer (XCaliburPX, Cu-anode λ = 1.5418 Å, Agilent Technologies). A ceiling crystal from every growthcell was compared to a batch crystal of comparable size from the same vial, with or withoutprior cryoprotection.
2.2.4 Structure determination and refinementFor the bovine insulin crystals, the diffraction data were processed using iMOSFLMand scaled with SCALA [52]. The program PHASER [53] was used for the molecularreplacement and a dimer of T6 bovine insulin was our search model (pdb code 2ZP6),excluding water and ligands. The crystal packing was checked in Coot and after oneround of initial structural refinement using REFMAC a 2Fo-Fc electron density map wascalculated.
2.3. RESULTS 35
2.3 Results
2.3.1 Crystallisation of T6 Bovine InsulinT6 bovine insulin hexamer was selected as a test protein because it has been used ex-tensively in microgravity experiments and its resolution did leave room for improvement.Despite being a globular protein, bovine insulin, unlike the easily crystallisable porcineand human orthologs, tends to form irregular rhombohedral-shaped crystals with poorlydefined facets and distorted twin crystals [54, 55]. Experiments with bovine insulin inmicrogravity showed a resolution improvement to 2.3 Åcompared to their terrestrial coun-terparts with 2.7 Åresolution [46], but did not exceed the best resolution of 2.25 Åreportedto date for crystals grown using the batch method [56]. For the vapor-diffusion method amore demanding procedure was recently reported that yielded large single crystals witha resolution of 1.4 Å[57]. Visual inspection indicated that our ceiling T6 bovine insulincrystals grew to geometrically perfect rhombohedra (Fig. 2.2).Ceiling crystals were fewer in number compared to the conventionally grown batchcrystals at the bottom of the same growth cell, but were, on average, larger, with anedge length of 40-55 µm, compared to the batch crystals with 12-28 µm, after oneweek of incubation. Large crystals were selected and cryoprotected, before being flash-frozen in liquid nitrogen for synchrotron X-ray diffraction experiments. The ceiling T6bovine insulin crystals showed diffraction spots to 1.5Åresolution (Fig. 2.3 (a)), which is asignificant improvement over the best value of 2.25 Åfor these growth conditions. Notably,this improvement was reached while using starting material of lower purity (Table 2.2).
2.3.2 Crystallographic Analysis of T6 Bovine Insulin DataTo verify that the T6 bovine insulin crystals obtained through the ceiling method are ofsuitable quality for structure determination, we collected a complete data set to 1.5Åres-olution (Table 2.1). The crystals belong to space group R3 with cell dimensions of a =81.16Å, c = 33.34Åand two molecules in the asymmetric unit. A molecular replacementstudy was performed in which a well-defined solution was identified with a log likelihoodgain (LLG) which is almost twice that of the second best solution. After refinement, theobtained solution showed a LLG of 734.9 and an R-merge of only 4.9% to 1.5 Åand forthe outer shell of 40.7%. The crystal packing showed reasonable crystal contacts andno overlap between molecules (Fig. 2.3 (b)). After one round of initial refinement, theresulting 2Fo-Fc electron density map clearly shows features not included in the searchmodel, such as two zinc ions ligated by three His residues, each one from three differentsymmetry-related insulin molecules (Fig. 2.3 (c)). The resultant initial model has R-factor
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and free R-factor of 26.0% and 32.0% respectively.
Figure 2.2: Representative images of ceiling (left panel) and batch (right panel) T6 bovine insulincrystals.
Figure 2.3: (a) X-ray diffraction pattern of a ceiling T6 bovine insulin crystal; (b) Crystal packingfor bovine insulin in space group R3. The unit cell is indicated by the diamond; (c) The 2Fo-Fcelectron density map contoured at 1.0 σ showing Zn2+ ligated by three histidine residues.
2.3.3 Micro-focus X-ray Diffraction of Two HEWL PolymorphsWe next tested the standard model protein in crystal growth, HEWL, from which we grewboth the tetragonal and the monoclinic polymorphs while using a commercial preparation ofonly 90% purity. To date, the crystal structure of tetragonal HEWL crystals has been solveddown to 0.94 Å. This was obtained using 99.9% pure HEWL in a counter-diffusion set-upin space microgravity with synchrotron radiation for characterisation [58]. Our tetragonalHEWL ceiling crystals diffracted beyond the limit of the instrumental resolution to around0.86 Å(Fig. 2.4(a)). The ceiling method promoted the growth of elongated crystals (Fig. 2.5,row 1, left panel), with a final length along the c-axis exceeding 1 mm. This elongationresults from the relatively low supersaturation near the crystal surface at the top of thedepletion zone in the growth cell, where the interfacial concentration drops significantly,reducing the growth rate of the 110 facets with respect to the 101 facet [59]. This
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Table 2.1: Statistics of data collection from a frozen T6 bovine insulin crystal taken at BeamlineID23-2 of ESRF. The values of the outer shell are specified in parentheses
Wavelength (Å) 0.8726 Space group R3Resolution range (Å) 30.11-1.50 (1.58-1.50) No. of observations 30226 (2813)Unique reflections 12445 (1367) Rmerge (%) 4.9 (40.7)Completeness (%) 95.0 (72.3) Mean I/σ (I) 7.1 (1.9)Redundancy 2.4 (2.1)
elongation did not occur in the batch crystals grown through convective mass transport atthe bottom of the same growth cell, where the axial ratios (a or b to c) are around one(Fig. 2.5, row 1, right panel). This demonstrates the theoretically predicted lower growthrate of the ceiling crystals compared to the batch crystals.
Figure 2.4: X-ray diffraction image of ceiling tetragonal (a) and monoclinic (b) HEWL crystals.The patterns are recorded from a cryo-cooled crystal at beamline ID 23-2 of ESRF (EuropeanSynchrotron Radiation Facility), using X-rays of 0.873Åwavelength. Diffraction spots extend to aresolution around 0.86 Å(a) and 0.94 Å(b).
For monoclinic HEWL crystals, the reported best diffraction limit stands currentlyat 1.13 Å, measured on cryoprotected crystals by using Cu-Kα radiation at 273 K [60].These crystals were grown from 99.9% pure HEWL in D2O-based mother liquor insteadof H2O.[61] The use of a quite viscous crystallisation solution precluded problems in the
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cryoprotection step. Our monoclinic ceiling crystals, grown from much lower purity HEWLand plain H2O-based mother liquor, diffracted to a resolution of 0.94 Å, Fig 2.4(b). Thiscan be further improved, since the obtained diffraction spots represent a multiple-latticespattern, which results from split crystals or low-angle grain boundaries.[62] In our case,crystal splitting was not a consequence of perturbed crystallisation, since the crystalswere visually perfect in their mother liquor, but started to deteriorate upon incubation inthe cryoprotectant. Cryoprotection is therefore another important issue for these crystals,but this is beyond the scope of this paper. Thus, for both HEWL polymorphs, the ceilingmethod resulted in crystals diffracting to better resolution, despite the fact that a lesspure protein preparation and regular aqueous solutions were used, Table 2.2.
2.3.4 Batch versus Ceiling CrystalsAs we mentioned before, it is not straightforward to compare the X-ray resolution ofcrystals that have been analysed using different X-ray sources and analysis software, andexecuted by different groups. It is sometimes claimed that only a double-blind comparisoncan establish the difference between different growth methods, but even a properly operatedlaboratory source can already demonstrate the differences between crystals. In orderto obtain more unambiguous results, we have compared ceiling and batch crystals thatgrew simultaneously in the same vial, thus under otherwise identical starting conditions.Table 2.3 shows the results, using the highest observable shell as resolution criterion forthe cryoprotected crystals and I/σ = 2 for the non-protected crystals.As usual, there is a considerable spread between crystallisation runs, but our statisticalanalysis shows that the ceiling crystals always outperformed their batch counterparts ofcomparable size from the same vial at confidence level of 99%, 95% and 75% for monoclinicand tetragonal HEWL and bovine insulin, respectively. Note that also for the batch crystalof bovine insulin we obtained a higher resolution than that reported in 2005 [56]. This maybe the result of the different crystallisation recipe (zinc chloride instead of zinc acetate).Therefore, we expect that combining the ceiling method with the use of the chelation stepadopted by [57] will result in further resolution improvement.
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Table 2.3: Comparative analysis of ceiling and batch crystals using a laboratory X-ray diffractometer(X Calibur PX, 100K, λ = 1.5418 Å). The highest resolution values were used, corresponding tothe highest scattering angles with clearly observable X-ray reflections (Ispot/Ibackground = 1.25,σ = 0.1 for cryoprotected crystals and I/σ = 2 for uncryoprotected crystals). The mean value,standard deviation (σ ) and number of samples (N) are also listed.
Crystal Origin Cryo? Best value mean σ N
T6 bovineinsulin Ceiling Yes 1.53 Å 1.64 Å 0.16 2Batch Yes 1.94 Å 1.94 Å 0 2
TetragonalHEWL Ceiling Yes 0.85 Å 1.07 Å 0.23 4Batch Yes 1.33 Å 1.91 Å 0.75 4Ceiling No 1.90Å 2.13 Å 0.23 5Batch No 2.50 Å 3.02 Å 0.59 5
MonoclinicHEWL Ceiling No 1.59 Å 2.19 Å 0.40 8Batch No 2.33 Å 3.19 Å 0.62 8
2.3.5 Intrinsic Purification Effect of the Ceiling Crystallisation MethodIn order to examine more precisely the favourable effect of the ceiling method on theincorporation of impurities, we added known contaminants to the HEWL crystallisationsolution, and grew both ceiling and batch crystals in the same vial. The obtained tetragonalcrystals were characterised using polarisation microscopy. Bovine Serum Albumin (BSA),as a heterogeneous impurity for HEWL, is known to enhance nucleation and crystaltwinning of HEWL crystals. The batch crystals exhibit an increase in defect formationand a strong size reduction in the presence of up to 5 mg/ml BSA in the crystallisationsolution (Fig 2.5, row 2, right panel). In contrast, the ceiling crystals did not show visibledefects and maintained their elongated morphology, but with a reduction in size and axialratio (Fig 2.5, row 2, left panel). We also observed pyramidal-prismatic sector boundaries,resulting from differences in impurity content between adjacent growth sectors [63]. Thisdistortion in lattice parameters due to the segregation of impurities was much more severein batch crystals, which also developed cracks as well as complete misorientation that couldeventually lead to prominent pseudo-twinning. Secondly, we tested a micro-heterogeneous
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impurity, viz. HEWL derivatised with one fluorescent label (F-Lyz), which incorporateseasily into the crystal lattice. In this case, incorporation and distribution of the impuritywere monitored in situ by using confocal fluorescence microscopy. Despite the highsegregation of F-Lyz [20], its incorporation in ceiling tetragonal HEWL crystals wassignificantly lower than in the corresponding batch crystals. Even at high F-Lyz levels,incorporation in ceiling crystals was lower by at least 40% (Fig 2.5, row 3). In this case,the surface kinetics, which become more important at decreased growth rate will play amajor role in preferentially incorporating unmodified HEWL.
2.4 Discussion
As shown above, the vital element of the ceiling crystallisation method is the elimination ofgravity-driven convection, which perturbs the classical terrestrial vapor-diffusion and batchcrystallisation set-ups, as well as Marangoni convection, which can still perturb spacemicrogravity experiments [64]. Moreover, the ceiling method shares simplicity, accessibilityand affordability with the traditional vapor-diffusion and other laboratory-based methods.In addition, the diffusion-limited growth enhances the intrinsic purification effect of crystalgrowth. The subsequent reduced transport of macromolecules and impurities towards thecrystal surface allows the crystals to undergo an enhanced self-purification process. Underthese conditions, the molecules have enough time to be adsorbed on the crystal surface inthe appropriate orientation and conformation, whereas trapping of impurities will largelydepend on their distribution coefficient. The decrease of the crystal growth rate hasa favourable effect, because at high growth rates, the adsorbed impurity molecules areeasily buried by other growth steps covering the interstep terraces on which the impuritymolecules are mainly adsorbed. At a low growth rate, in contrast, desorption of theseimpurities is facilitated, allowing self-purification of the crystal. For the proteins wetested here, just the glass cover slip is sufficient to obtain nucleation at the ceiling. Ifheterogeneous nucleation needs to be promoted, bio-glass or other nucleation agents canbe applied. We developed the ceiling method using microvials with a volume of 800 µl.With typical protein concentrations of several mgs/ml, the quantities required for systematicscreening of crystallisation conditions cannot be easily obtained for most native as well asrecombinant proteins. Hence, we set out to reduce the crystallisation volume. Meanwhile,we have extensively tested microplates (150 µl/well) and obtained reproducible resultsidentical to those in microvials. Also, we tested nanoplates (10 µl/well) and, again,results so far are completely in line with those obtained in the larger-volume set-ups.These accumulated results indicate that the ceiling method works well over a large volume
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Figure 2.5: The effect of impurities on the growth of tetragonal ceiling and batch HEWL crystals.Rows 1 and 2 show optical polarisation micrographs of crystals grown under the same conditions(10 mg/ml HEWL, 40 mg/ml NaCl in 0.1 M sodium acetate buffer pH 4.5 at 20oC), without (row1) or with (row 2) 5 mg/ml BSA. The bar represents 200 µm. The effects of the ceiling method(row 1) and its much lower susceptibility to impurities (row 2) are obvious. Row 3 displays thestrongly reduced incorporation of F-Lyz under ceiling conditions; images were taken at the samesettings of the confocal fluorescence microscope.
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range, as long as a dimensional ratio of height to diameter ≥ 2 is preserved. However,we do not recommend to use capillaries with a diameter <0.5 mm for the ceiling method,since the capillary forces will then perturb the proper formation of a depletion zone at thetop of the capillary. The use of micro/nano-plates puts the ceiling method in principle upfor robotic automation. A crystallisation volume of 10 µl usually requires less than 50 µgof protein per well, which for a large range of recombinant proteins will allow extensivescreening. On the other hand, it may in general be more practical to screen for optimalcrystallisation conditions using conventional methods like hanging drop vapour-diffusionor a micro-bath method, which can go down to a volume of 10 nl. Once proper growthconditions have been established, the ceiling method can be tested to achieve a highercrystal quality and resolution.Currently, we are investigating the applicability of the ceiling method to other globularas well as membrane proteins. This requires primarily a compromise between the leakage-free set-up and the detergent-based mother liquors or even exploiting detergent-freenanodiscs for membrane protein solubilisation and crystallisation. In view of the paucityof membrane protein crystal structures and the suboptimal resolution for most of them(>2 Å) [65], we consider this a top priority in the further improvement of the ceilingcrystallisation approach.In conclusion, our results demonstrate that through a simple but effective adaptationof the batch method, we can exploit the gravitational force to our advantage. The result-ing ceiling crystallisation method yields a significant improvement in crystal quality andreduced impurity incorporation. This can ultimately lead to a substantial refinement ofour insight in the 3-dimensional build-up of macromolecules, with far-reaching impact onproteomics and genomics.
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Chapter 3
The Development of the DepletionZone during Ceiling Crystallisation:Phase Shifting Interferometry andSimulation Results 1
AbstractThe growth of high quality protein crystals is essential for the determination of theirstructure. This process is governed by many physical factors such as mass transport andsolution flow. The quality of the crystals is usually better under diffusion-limited growthconditions, where a depleted zone of the solution encapsulates the crystal. We developeda MachZehnder-based phase shifting interferometer coupled to image processing softwareto study the concentration gradients which develop around a crystal during its growth ordissolution. The depletion zones and the diffusion boundary layers around growing anddissolving KH2PO4 crystals are monitored and processed by a MATLAB based algorithm.Our main emphasis was to analyse the ceiling crystallisation conditions in which thecrystal is placed at the very top of the growth cell and therefore the solute transport islargely diffusion-limited. The experimental results are compared with simulations usingfinite element-based numerical calculations. The combined results clearly demonstrate thepositive effect of the ceiling crystallisation approach on crystal growth.
1The content of this chapter has been published as: Alaa Adawy, Kess Marks,Willem de Grip, Willem van Enckevort & Elias Vlieg (2013). CrystEngComm 15,2275-2286.
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3.1 Introduction
Crystal growth takes place at the crystal-solution interface, involving both solute masstransport and growth kinetics. As a consequence, the solution in the direct vicinity of thecrystal generally undergoes a decrease in density [66]. This is due to the incorporation ofsolutes into the crystal from the surrounding solution and, to a lesser extent, the releaseof thermal energy. This low density portion of the solution can either settle around thegrowing crystal (diffusion-limited growth), or it can undergo a rapid exchange with itssurroundings by gravity-induced natural convection.From the two regimes, diffusion-limited crystal growth is an amenity in obtaininghigh quality protein crystals [10]. Many methods were developed in order to provideconvection-free growth conditions such as the counter diffusion method [48], exploitingmagnetic fields to counter the gravitational field [32], or space microgravity experiments[43]. In these methods and after nucleation, crystal growth induces the development of adepletion zone, which is not disturbed by natural convection. The developing concentrationgradient limits the mass transport of growth units towards the growing crystal to be solelydiffusive. This has a positive impact on the crystal quality because the growth rate slowsdown, allowing the crystal to embed growth units at the right orientation on the crystalsurface. In addition, sedimentation of small crystals and incorporation of impurities arereduced [67].In a previous paper it was shown that diffusive crystal growth can also be accomplishedin a simple terrestrial setup by using an upside-down geometry which exploits gravity [68].In this setup, the crystals at the top (ceiling) of a growth cell grow in a diffusion-limitedcrystallisation environment. Ceiling crystals grow slowly and because of the "upside-down" geometry, the growing crystals are not affected by sedimentation. This eventuallyresults in better diffracting crystals with lower impurity content when compared withthose grown at the bottom of the same setup [69]. This was clearly demonstrated bystatistical analysis, which showed that the resolution limit of ceiling crystals (diffusivegrowth) is significantly improved over that of the batch crystals (convective growth) at ahigh confidence level. Quantitative experimental data are beyond the scope of the presentpaper and are presented elsewhere [69].To examine the different hydrodynamics during ceiling and batch crystallisation, weused tetragonal crystals of potassium dihydrogen phosphate (KDP) as a model compound.[70] We used aqueous KDP solutions of either 10% and 20% supersaturation or 10% and 20%undersaturation level to study both the growth and the dissolution processes. Emphasisis laid on monitoring the development of the depletion zone during ceiling growth.To visualise the buoyancy-driven convection plumes (batch growth) or the development
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Figure 3.1: Schematic diagram of Mach-Zehnder phase shift interferometer. A piezo electrictransducer (PZT) accomplishes the phase shifts, while the beam splitters (BS1 & BS2) and themirrors (M1 & M2) are arranged in a two beam interferometer configuration.
of the depletion zone (ceiling growth), we relied on optical interferometry to map the soluteconcentration profile in the solution [71]. The concentration profile around the growingcrystal can be monitored as a local change in the refractive index of the crystallisationsolution, which is a function of solute concentration. Interferometric techniques provide aroute to map these differences in the refractive index in terms of changes in the opticalpath length [72]. We designed a Mach-Zehnder-based phase shifting interferometer andused a five frame algorithm in order to study the changes in the spatial distribution ofsolute concentration, which take place during the growth or dissolution of KDP. Theseobservations are supplemented by finite element-based numerical simulations for the samedissolution or growth conditions. Some conclusions from this study are validated bycomparing the morphological quality of ceiling and batch grown Hen Egg-White Lysozyme(HEWL) crystals grown in cells of different sizes.
3.2 Concentration profile measurements
3.2.1 Mach-Zehnder Phase Shifting Interferometer (PSI)To map the concentration profiles, we used a Mach-Zehnder phase shifting interferometer(Fig. 3.1). This two-beam interferometer for transmitted light favours high accuracy andeasy quantitative interpretation. The incident monochromatic laser beam is split into two
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coherent beams, one of which passes the transparent specimen, i.e. the growth cell whichcontains the crystal and the solution, and the other acts as a reference beam. The twobeams superimpose after travelling approximately the same geometrical distance resultingin an interference pattern I(x,y), which embeds the information of the amplitude and phase[73], such that :
I (x, y) = Io + Ir (x, y) +√IoIr (x, y) cos φ (x, y) (3.1)
where I, Ir and Io are the intensities of the resultant, reference and object beam, respec-tively and φ (x, y) is the position dependent phase difference of both beams.In order to retrieve the object phase information, physical shifts are introduced betweenthe two beams. This is accomplished by recording a sequence of interferograms, eachwith the object beam displaced by a phase shift of pi/2(∝ λ/4). In this way, the phaseinformation can be retrieved by using the appropriate algorithm to process the consecutivelyrecorded interferograms. Here, we adopted the 5B-frame algorithm introduced by Schmidtand Creath [74], because it is the most efficient in obtaining a high accuracy. In thiscase, the total phase shift after the acquisition of the five interferograms is 2pi, and thealgorithm yields φ (x, y) = − tan−1 [3I2 − 3I3 − I4 + I5I1 − I2 − 3I3 + 3I4
] (3.2)
with Ij = 1−5 the intensity of the five interferograms at point (x,y). The phase informationreveals the spatial changes in the refractive index and thus, the concentration profile.Based on this algorithm, a MATLAB script was written, which combines the five pi/2-phase shifted interferograms and a mask frame (representing the crystal body) to give adiscontinuous phase profile disregarding the body of the crystal. The discontinuities inthe calculated phase profile, owing to the nature of the arctangent function, introduceerrors in the calculated phase. In order to remove these errors, we developed a correctionscript, which compares the phase value at each pixel with that of the previous neighbouringvertical or horizontal pixel. If the difference is < −3pi/4, pi is added to the pixel and ifthis difference is > 3pi/4, pi is subtracted from this pixel, otherwise the phase value is notchanged. Finally, the corrected phase profile is used to compute the concentration profile.This is done by exploiting the relation between the refractive index and the resultantphase difference; φ (x, y) = 2piλ
∫ d
0 n (x, y, z) dz + C (3.3)where n(x, y, z) is the position dependent refractive index of the solution in the growthcell, d is the thickness of the cell and λ is the wavelength of the laser light used. The
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constant C comprises the resultant phase difference of the object and reference beamexcluding the solution in the cell. Using the relation between the refractive index and thedifference δc(x, y, z) in solute concentration with respect to the equilibrium concentration,which corresponds to a refractive index no,
n (x, y, z) = no + n1∆c(x, y, z) (3.4)
an expression for the average solute concentration difference as a function of the phasedifference is obtained
1d
∫ d
0 ∆c(x, y, z) dz = λ2pin1φ(x, y) + D (3.5)where D is a constant, which can be set to zero.A schematic diagram of the PSI is shown in Fig. 3.1. The whole optical setup is basedupon the one that was introduced earlier by Duan and Shu, [75], and is mounted on avibration-free table. A HeNe laser source of wavelength 632 nm is passed through a beamexpander and the resultant beam diameter is controlled by a diaphragm. The beam isincident on a beam splitter (BS1) and divided into two equal beams: one functions as thereference beam and the other as the object beam. Both are then reflected by the mirrors(M1 & M2). In order to apply the consecutive phase shifts, we used an ultra-precise piezoelectric transducer (S-303, Physik Instrumente (PI), Germany) (PZT) connected with adigital piezo transducer controller (E-750, PI Germany). The PZT was mounted verticallyat the back of M2. The controller in the "servo mode" was used such that a series ofinterferograms is collected by successively displacing M2 over 112 nm (corresponding toa phase shift of 112√2nm = λ/4 or pi/2). The reference and the object beams are thensuperimposed by the second beam splitter (BS2) and directed through two consecutiveachromatic lenses (L1 & L2) to the CCD camera (PS 4 - 205 GigE, Kappa). The imagesare recorded, digitised and processed using the MATLAB script.
3.2.2 Experimental ProcedureThe concentration profile development during ceiling and batch growth/dissolution wasinvestigated by experiments using a Mach-Zehnder phase shifting interferometer. KDP(KH2PO4, Merck) was used as a model compound in this study. Quartz cells of highoptical quality, 1 × 1 × 4cm3 and 0.1 × 1 × 4cm3 in size (Hellma Analytics, Germany)were used as growth cells in the PSI experiments. KDP seed crystals were mounted withVaseline (Sigma-Aldrich) in the cell with their long c-axis either parallel or perpendicular
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to the plane of the cell top or bottom. Four KDP solutions were prepared to achieveconcentration levels of 20% and 10% below saturation and levels of 10% and 20% abovesaturation, respectively. The cells were completely filled with the appropriate solutionand sealed using a small film of Vaseline and glass cover slip. After preparation, thegrowth cell was placed in the object beam optical path of the interferometer. HEWL(lot# L6876), bovine insulin (lot# 069k09822) and BSA (lot# 85040C) were purchasedfrom Sigma-Aldrich and used without further purification. Other inorganic salts were alsopurchased from Sigma-Aldrich at the best grade available. The tetragonal HEWL crystalswere grown from 20 mg/ml HEWL and 35 mg/ml NaCl as a precipitant in 0.1M sodiumacetate buffer adjusted to pH 4.5 using acetic acid. The effect of different impurities on theprotein crystal growth of HEWL was investigated by adding either bovine insulin or bovineserum albumin (BSA), to final concentrations of 0.2 mg/ml and 6 mg/ml, respectively. Allexperiments were conducted in a temperature-controlled room set at 20oC.
3.2.3 Results and AnalysisDissolution of batch crystalsTo validate the PSI approach, we started with dissolution experiments. A KDP seed crystalwith dimensions of 0.1×0.1×0.7cm3 was placed with its c-axis parallel to the bottom ofa 0.1×1×4cm3 growth cell filled with 10% or 20% undersaturated solution. A time seriesof concentration profiles around a KDP crystal dissolving in 20% undersaturated solutionmeasured by PSI is shown in Fig. 3.2. As follows from this figure, the concentration ofthe solution near the dissolving crystal is higher than that of the undersaturated bulksolution far from the crystal surface. Because of its higher density, this enriched partof the solution remains at the bottom of the growth cell due to gravity and the solutetransport to the rest of the solution (upwards) is governed by diffusion rather than naturalconvection. It can be shown that if the dissolution of a planar crystal surface is completelydetermined by volume diffusion, the dissolution rate, Rd , decreases with time, t, accordingto Rd (t) = DΩ(cs − cb)√piDt ∝ 1√t (3.6)where, D is the diffusion coefficient and Ω is the molecular volume of the dissolving units;cs(' ceq) and cb are the solute concentrations at the crystal surface and the bulk solution,respectively. The dissolution rate of the crystal is equal to the flux of the dissolving unitsaway from its surface. This implies that the dissolution rate can be derived from the soluteconcentration gradient near the crystal surface, using
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Figure 3.2: The change of the concentration as a function of time for a KDP crystal in a 20%undersaturated solution. The concentration differences are expressed in mass fractions.
Figure 3.3: The spatial distribution of concentration during the dissolution of a KDP crystal in a20% undersaturated solution, The upper frame shows the linear relation between the dissolutionrate and the inverse of the square root of time.
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Rd = ΩD dcdy
∣∣∣∣ crystal surface (3.7)where y is the vertical coordinate of the growth cell.Fig. 3.3 shows the solute concentration profiles perpendicular to the crystal surface asa function of time, derived from PSI measurements shown in Fig. 3.2. Taking the derivativesdc/dy at the crystal surface for different times indeed shows linear dependence on theinverse of the square root of time (Fig. 3.3, insert). This demonstrates that the masstransport in this case is controlled primarily by diffusion. Hence, these phenomena canbe successfully monitored using PSI.
Growth of batch crystalsSimilar to the dissolution experiments, a tetragonal KDP crystal of dimensions 0.09 ×0.15× 0.7cm3 was placed at the bottom of a 0.1× 1× 4cm3 growth cell, filled with 10%or 20% supersaturated aqueous KDP solution. Due to the growing crystal, the solutionbecomes depleted of solute at the crystal-solution interface and by the action of gravitythis lower density solution is forced upwards in the form of convection plumes (Fig.3.4).Here, the mass transport growth is effectuated by natural convection and the diffusionboundary layer is thus very thin < 30µm, and hardly changes in time. The convectionplumes can extend up to 1 cm above the crystal and their reduction in supersaturationlies in the order of 2.5% of that in the bulk solution for the case of 10% supersaturation(Fig.3.4, left column). The 20% supersaturated solution showed the nucleation of manycrystals, which due to gravity deposited on the crystal surface (Fig.3.4, right column).
Ceiling crystal growthFig. 3.5 shows the changes of the solute concentration profile around a ceiling KDPcrystal growing in 10% and 20% supersaturated solution. The dimensions of the crystaland the growth cell are the same as for the batch experiments mentioned above. In theceiling configuration with the crystal at the top of the growth cell, the solution at thedirect vicinity of the crystal again experiences a decrease in its molar concentration dueto solute uptake by the growing crystal. But now, the depleted solution stays stagnantaround the growing crystal by the action of gravity and the solute transport towardsthis ceiling crystal becomes essentially diffusion-controlled. The time dependent spatialdistribution of the solute concentration perpendicular to the crystal surface is derivedfrom the associated PSI maps. The width of the depletion zone clearly increases in time(Fig. 3.5,3.6).
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Figure 3.4: Left column shows the change of the concentration profile around a batch KDP crystalgrowing in a 10% supersaturated solution. The interferograms of a KDP crystal growing at 20%supersaturation are shown in the right column. Sedimentations on the crystal completely coveredits surface.
Figure 3.5: The change of the concentration profile as a function of time around a ceiling KDPcrystal growing in 10% (upper row) and 20% (lower row) supersaturated solutions.
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Figure 3.6: The spatial distribution of the solute concentration during the ceiling growth of aKDP crystal in a 20% supersaturated solution, The insert shows the relation between the crystalgrowth rate and the inverse of the square root of time. The dashed line provides a good fittingdisregarding the initial convection mediated stage.
The width and flow of the depletion zone (δ), as shown in the interferograms, variesdirectly with the concentration difference, between the bulk solution and that at the crystalinterface (cb − cs), and inversely with the flux (JD) such that:
δ = −DJD (Cb − Cs) (3.8)This can be explained as a decrease of the flux occurring in a stagnant solution(Fig. 3.6, insert) with the consequence that δ extends setting mass transport to the crystalin the diffusive mode. When the oblong crystal was mounted with its c-axis parallel tothe ceiling, the space around the crystal was filled with depleted solution within twominutes by natural convection (Fig. 3.5). After this stage, the diffusion layer starts todevelop. This early phenomenon may account for the different spatial concentration profileof the solution near the crystal surface after two minutes (Fig. 3.5). This phenomenonis even more obvious if the oblong crystal is mounted to the ceiling with its long axis
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(the c-axis) perpendicular to the plane of the ceiling plate (Fig. 3.7). Due to the naturalconvection, the depleted solution flows upwards towards the ceiling and the developmentof the depletion zone to enclose the whole crystal took close to one hour (Fig. 3.7). Onlythen, the solute transport to the entire crystal is mediated by diffusion.Interestingly, when we use the ceiling method to induce nucleation and crystal growthof KDP as well as a variety of proteins we always observe that the crystals nucleate andgrow such that their longest axis is parallel to the plane of the ceiling plate of the growthcell. Under these conditions, when starting from small nuclei, this initial convection hardlyoccurs, in particular when several ceiling crystals grow simultaneously.In the case of 20% supersaturation many crystallites nucleated at the bottom and onthe side walls of the growth cell. Fortunately, the convection plumes of these crystals didnot disrupt the depletion zone around the ceiling crystal. Due to convective mixing of thebulk solution, its concentration dropped significantly during the progress of the experiment(Fig. 3.5,3.7).Deriving crystal growth rates from the time dependent concentration profiles in figure6, using equation 3.7, gives a somewhat irregular dependence as a function of 1/√t(Fig. 3.6, insert). This indicates that, in contrast to dissolution, equation 3.6 is lessapplicable. This may be accounted for by the initial convective stage of growth, thenucleation and growth of crystallites at the bottom and the walls of the growth cell andby the influence of surface kinetics. It is well known that surface kinetics often plays afar more important role in the growth of crystals than in their dissolution.
3.3 Numerical Simulation
3.3.1 MethodAs shown in the previous section, the growth or dissolution of crystals is largely controlledby the concentration dependent solute flux at the crystal surface . This process of unitmigration towards (growth) or away (dissolution) from the crystal, is described by fluidmechanics involving the concepts of continuity, flow motion and solute diffusion [76].The continuity describes the transport of a conserved quantity of fluid and can beexpressed as: ∂2ψ∂y2 + ∂2ψ∂x2 + ω = 0 (3.9)where ω is the vorticity and Ψ is the potential stream function.
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Figure 3.7: Timelines of the interferograms of ceiling KDP crystals which extends deeply in thegrowth solution and grows in 20% supersaturated solutions. The concentration profiles at the centreof the figure are deduced from the left column of the interferograms. The profiles are calculatedby using equation 3.5 and the fact that the distance between two interference lines correspondsto a phase difference of φ = 2λ.
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Because our quantitative experiments were done in a thin growth cell (1 mm), we chose a2D model and performed the calculations by using Cartesian (x, y) coordinates. CombiningEuler’s and Navier-Stokes’ equations of motion and taking their curl, the motion of thefluid can be described by the Navier-Stokes stream function vorticity equation:
∂ω∂t − ∂ψ∂x ∂ω∂y + ∂ψ∂y ∂ω∂x = µ∇2ω + g∂(ρ − ρo)∂x (3.10)
In this partial differential equation, µ∇2ω is the viscosity component with Îĳ the kinematicviscosity; g∂(ρ−ρo)/∂x is defined as the force vector with g the acceleration due to gravityand ρ and ρo are the actual and the offset value of the fluid density, respectively.Because in our case the fluid is a solution containing the growth units, diffusive solutemass transport is a function of concentration (c) and local flow position such that;
D∇2c = ∂c∂t − ∂ψ∂x ∂c∂y + ∂ψ∂y ∂c∂x (3.11)
where D is the solute diffusion coefficient.Equations 3.9, 3.10 and 3.11 are partial differential equations, which can be solvedby finite element analysis. Our aim here was to develop a numerical simulation in orderto determine the stream function, vorticity and concentration for growth or dissolutionprocesses, by providing known values for the kinematic viscosity, off-set density, gravita-tional acceleration, and the diffusion coefficient of the compound under study. For this,we used FlexPDE software, version 6.20, which is a multi-purpose finite element analysispackage capable of simulating complex physical processes [77]. We applied a non-slipcondition at the crystal interface and the cell walls by using a penalty method [78]. Thecrystal was assumed to be either situated at the ceiling, the bottom or at both locationssimultaneously in the growth cell. We assumed that the crystal does not show an apparentchange in size during growth. The boundary conditions were defined with respect to thecrystal surface and the growth cell walls such that:
∂c∂n =
{ 0, at the growth cell walls−k (c − ceq) , at the crystal edges (3.12)
where, k is the kinetic coefficient and c and ceq are the concentrations at the crystalsurface and at equilibrium, respectively. The physical constants for the compounds usedin this study are given in Table 3.1.
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Table 3.1: The physical constants used in the numerical simulations.
Parameter ValueHEWL KDP NaClO3
cb 3 ×10−2 g/cm3 21.25 g% 0.714 g/cm3ce 3 ×10−3 g/cm3 17.709 g% 0.70 g/cm3ν 0.01 cm2/s 1.125 ×10−2 cm2/s 1.3 ×10−2 cm2/sD 1 ×10−6 cm2/s 6.738 ×10−6 cm2/s 1.5 ×10−5 cm2/sg 981 cm/s2α 0.3032 0.1196 0.55ρo 1.0049 g/cm3 1.1316 g/cm3 1.043 g/cm3
3.3.2 Results and AnalysesFig. 3.8 shows the simulations for the ceiling growth of a downwards pointing oblongKDP crystal from a 20% supersaturated solution. There is an obvious clear agreementwith the experimental data in Fig. 3.7. The simulated time series clearly shows the twostages in the development of the depletion layer. After 100 seconds, a thin concentrationgradient normal to the crystal surface is formed by solute uptake at the crystal surface.The width of the boundary layer (45µm) is quite similar to that observed experimentally.As can be seen in the subsequent images, the depleted solution is pushed upwards bybuoyant forces until the flow is prohibited any further at the "ceiling" of the growth cell.After about 5000 seconds the depleted solution encloses the whole crystal and the secondstage sets in, expansion downwards by diffusion-limited mass transport.The simulations show that the second stage of the depletion zone development, apartfrom a scaling factor (cb − ceq), is independent of supersaturation (Fig. 3.9: upper row,right). This readily follows from the equation of the development of the solute concentrationprofile, c(x, y, t), during growth in a one dimensional system limited by mass transport:
c(x, y, t) = −(cb − ceq)erfc y2√Dt + cb (3.13)where erfc is the complementary error function.In contrast, the dissolution of a ceiling crystal is governed by natural convection,leading to a thin boundary layer around the crystal and a downward directed convectionplume. As seen in Fig. 3.9, upper row, left, the diffusion boundary layer gets thinner forincreasing undersaturation.
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Figure 3.8: Time series of the development of the vertical solute concentration gradient in the caseof ceiling KDP crystal growth in a 20% supersaturated solution. The calibration bar accounts tothe concentration profile (in gm%) and the time is counted in seconds after the initiation of growth.
Figure 3.9: Simulations of the development of concentration gradients and/or convection plumesas a function of supersaturation and crystal growth geometry. For each separate simulation, theresultant concentration profile after one hour of growth or dissolution is presented along with itsassociated legend (KDP in g%).
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Because in practice it is very difficult to avoid nucleation at the bottom of the growthcell, in particular at high supersaturation, which is the optimal condition for most proteincrystallisation protocols, we also simulated the condition where two crystals grow ordissolve at both locations simultaneously (Fig. 3.9, lower row). At higher supersaturation,the developed convection plumes are able to reach the depletion zone around the ceilingcrystal, still the latter is hardly distorted. In the presence of more batch and ceiling crystalsthe solution depletes faster, but the overall mechanism remains the same. Another effectthat can be easily spotted is that the concentration of the bulk solution decreases rapidly,due to the faster growth of the batch crystals and the continuous mixing of the solutionby the action of natural convection. As a consequence, the depletion zone of the ceilingcrystals, despite being intact, fades away in the course of time. This was also observedin our KDP growth experiments (Fig. 3.7). The simulation of two crystals simultaneouslydissolving at the top and bottom of the cell yielded the same results, but in oppositedirections (Fig. 3.9, lower row, left).Among the factors which affect the growth process, are the intrinsic properties of thesolutes (molecule to be crystallised, buffer, salts, precipitant) and the solvent used toprepare the crystallisation solution. One of these properties, the diffusion coefficient ofthe molecule to be crystallised has the highest influence on the shape, progression andextension of the concentration profiles. Fig. 3.10 displays simulations of the concentrationprofiles for three different compounds; sodium chlorate (NaClO3), KDP and HEWL. Thediffusion coefficients D of these compounds are 1.5 × 10−5 , 6.7 × 10−6, and 1.0 ×10−6cm2/s, respectively. [79]The decrease of these values for the three compounds is directly related to thedecrease of the progression of the depleted zone and therefore, the growth rate of thethree types of crystals as follows from equations 3.5 and 3.11. Experimentally, at the samestarting supersaturation under diffusion-limited crystal growth conditions, the final crystalsize of an average HEWL crystal is about five times smaller than that of KDP, whichagain is smaller than NaClO3. In our simulations, starting from the same size of seedingcrystals, the development of the depletion zone is the slowest for HEWL and the fastestfor NaClO3, in accordance with their crystal growth rate and diffusion coefficient. Thisrate of development can be enhanced by the nucleation of several crystals at the ceilingof the growth cell as discussed below, which generally is the case for ceiling growth.In comparison with other proteins, HEWL has one of the highest values for its diffusioncoefficient (e.g. BSA = 6.09 × 10−7cm2/s, bovine insulin = 7.3 × 10−7cm2/s). Thismakes the method broadly applicable as long as certain dimensional ratios are preserved,as discussed below. In such a case, the size of the growth cells can be much reduced andstill the buoyancy-assisted diffusion and the depleted zone of the ceiling crystals will not
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Figure 3.10: Simulated concentration profiles of (from left) NaClO3, KDP and HEWL ceilingcrystals one hour after the initiation of growth. The figure displays only a magnified view for theupper part of the growth cell (which is 1× 4cm2).
Figure 3.11: Ceiling (inserts) and batch HEWL crystals grown in wide (left column, top) andnarrow (right column, top) growth cells. The second and third rows display HEWL crystals grownin the presence of bovine insulin and BSA as an impurity, respectively. Often ceiling crystalswere fewer. All images are displayed at the same scale. Pictures are representative for the entirepopulation.
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be disturbed by the convection plumes rising from any batch crystals which happen togrow at the bottom.
3.4 Dimensions of the Growth Cell
As follows from the experimental and simulation results, successful ceiling crystallisationdepends on many factors. One of the most important points for protein crystallogra-phers is the achievable sample volume per trial. Nowadays, many commercially availablecrystallisation set-ups adopt vapour diffusion and micro-batch platforms in the nano- tomicroliter range for both globular and membrane proteins. The ceiling method is notsuitable for broad initial screening of crystallisation conditions, because of the minimalvolume requirement of about 10µl per trial, but rather for improving crystal quality underpreselected conditions. In this context it is important to consider the dimensions of thegrowth cells, in order to achieve diffusion-limited mass transport.Experimentally, we examined this by performing two sets of trials using differentlysized growth cells of 7 mm radius and 2 mm height (group 1) and 3.5mm radius and 2mmheight (group 2) in which tetragonal HEWL crystals were grown. The effect of addingimpurities with different segregation coefficients (k) [80] to the mother liquor, i.e. bovineinsulin and bovine serum albumin (BSA), was also studied. As shown in Fig. 3.11, theceiling crystals grown in the narrower vials (right column) in all cases are morphologicallydefect-free when compared to their counterparts in the wider vials (left column) and also arehardly affected by any impurities present (k< 1). Similar results were reported earlier ina space microgravity experiment. [15] In addition, preliminary SDS PAGE analysis indeedconfirmed the optical data, indicating lower incorporation of BSA in ceiling crystals grownin the narrower cells (not shown).This demonstrates that the ceiling method succeeds toaccomplish a similar diffusion-limited growth condition.In order to understand this effect of the vessel width, we simulated the growth cells byconsidering crystals on the ceiling and at the bottom simultaneously (Fig. 3.12). Obviously,the depth of the depletion zone varies inversely with the width of the growth cell at constantheight of the growth cell. This probably is because it takes longer time in the wider cellto fill the horizontal layers with depleted solution and hence to start diffusion limitedgrowth. At the early convection mediated stage, the probability of impurity incorporationis relatively high. Therefore, regardless of the value of the segregation coefficient, theimpurities will find their way to the tetragonal HEWL crystal nuclei (in case of BSA),inducing more nucleation and twinning, or during crystal growth (in case of bovine insulin)leading to crystals possessing rougher surfaces. Thus, we surmise that rapid enclosure
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of growing ceiling crystals by the depletion zone will result in better quality crystals.Further, we anticipate that this will be enhanced by simultaneous growth of a relativelylarge number of ceiling crystals and by a not too small ratio of the height of the growthcell relative to its width (e.g. in the order of 3 to 4, as used routinely and also accordswith the 10 µl. nanoplate wells). This was indeed borne out by further simulations,showing that the presence of many nucleation sites improves the solute depletion patternof every individual ceiling crystal (not shown).
Figure 3.12: Numerical simulations of HEWL crystal growth in cells with dimensions mimickingthose in Fig. 3.11 and of a 10µl well in a nanoplate. After 10 minutes, the depletion zone is moredeveloped in the narrow vial (a) compared to the wider vial (b). After one hour, the depletion zoneat the top extends deeper in the narrow vial than in the wide vial. In addition, the convectionplumes from the bottom crystals reach the depletion zone faster in the wide vial. The nanoplatewell shows the best development of the depletion zone (c). (scale in cm, concentrations in mg/ml)
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We also simulated a nanoplate well, and although it provides limited space for nu-cleation, it does show rapid development and extension of the depletion zone downwards(Fig. 3.12), confirming that the ceiling method is also applicable to this very small volumescale.
3.5 Conclusions
We studied the solute concentration profiles developing during growth as well as disso-lution of crystals mounted at the top (ceiling method) and/or at the bottom of the growthcell (batch method). Through a Mach-Zehnder phase shifting interferometer (PSI) and afive-frame algorithm, we successfully monitored these profiles which develop during dis-solution and growth of KDP crystals. The PSI data are substantiated by finite elementbased numerical simulation.The profiles resulting from dissolving batch crystals showed a morphological resem-blance to that from growing ceiling crystals. In both cases, after an initial period offormation of an expanding enrichment/depletion zone (governed by natural convection),the process becomes largely controlled by diffusion-limited solute transport. Yet, the ob-served differences between dissolution and growth provide evidence that in the latter casethe surface kinetics and, at higher supersaturation, the nucleation of crystallites play anon negligible role.In addition, the growth of ceiling HEWL crystals and the simulation of this processreveal that the cell dimensions are critical for effective ceiling crystallisation. At a lowheight to width ratio, diffusion controlled mass transport develops slower, giving morechances for the rising convection plumes to perturb the growth of ceiling crystals and thusmaking the merits of the method less favourable. The simulations also showed that theceiling method can be effective at a very small scale, given that the cell aspect ratios aresuch that the initial convection stage is as short as possible.In short, our investigations generally confirm that the ceiling approach affords a sim-ple and economical set-up to realise fully convection-free mass transport and thereforediffusion-limited crystal growth.
Chapter 4
A Comparative Study of ImpurityEffects on Protein Crystallisation:Diffusive versus Convective CrystalGrowth1
AbstractThe incorporation of impurities during protein crystallisation is one of the main ob-stacles that prevents the growth of high quality crystals. Mass transport has been shownto affect the incorporation of impurities. Here we used a special growth configurationwhich enables the simultaneous investigation of the two main means of mass transport:diffusion and convection, under otherwise identical conditions. Two polymorphic forms ofhen egg-white lysozyme were crystallised using this configuration in the presence of struc-turally related or unrelated impurities at various degrees of contamination. In contrastto the common opinion, the diffraction quality of crystals grown under diffusion-limitedconditions is better than that of those grown in the presence of natural convection, evenin the presence of impurities which are not easily segregated. The results also reveal asignificant difference in impurity uptake for the different polymorphic forms of the sameprotein. The combined results show that, also in the presence of large fractions of impu-rities, the most perfect crystals grow when the rate of accretion of molecules is slow andorderly, as realised under diffusion-limited conditions.
1Content of this chapter is to be submitted as Alaa Adawy, Esther van derHeijden, Johan Hekelaar, Willem J. De Grip, Willem van Enckevort & Elias Vlieg
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4.1 Introduction
The most serious obstacle in the route of macromolecular structure determination is thegrowth of high-quality crystals that diffract X-rays to high resolution limits.The final crystal shape and perfection are determined by the interplay between thetransport of growth units towards the crystal and their subsequent integration into thecrystal surface. The balance between these two steps determines the solute concentrationprofile around a growing crystal. While the transport of the target macromolecules andother constituents in the solution is isotropic, the interfacial processes are anisotropicowing to the anisotropic distribution of bonds in the crystal structure. As a consequence, atthe same supersaturation crystal surfaces with different orientations have different growthrates and slightly different composition. These effects together with defect formation duringgrowth limit crystal perfection upon growth from solution. The presence of macromolecularimpurities in the crystallisation solution, which is almost always the case, may deterioratethe structural resolution upon incorporation, by inducing internal stress (mosaicity) andenhancing the rotational disorder in the crystals [81, 82].According to their structural relation to the target macromolecule [42], impurities areeither structurally-related, micro-heterogeneous: preferentially incorporated into targetprotein crystals at an early stage of growth typically resulting in imperfections in thecrystal core, or structurally-unrelated, heterogeneous: largely repelled at the beginning,but often later adsorbed on the crystal surface, inducing reduction of the average stepvelocity and blockage of the advancing steps [83, 84].Beside the impurity type, the supersaturation (σ ) can directly affect the level ofimpurity incorporation [85]. The presence of convectional currents disturbs the interfaceincorporation processes by inhibiting the development of a depletion zone at the crystal-solution interface, thereby maintaining a high local supersaturation and a correspondinghigh growth rate with a constant incorporation of impurities. This is the common situationin most terrestrial crystallisation techniques in which natural convection is imposed bythe action of gravity.In diffusion-controlled crystal growth conditions, significant concentration gradientsof all the mother liquor constituents develop around the growing crystal. Not only doesa stagnant solution reduce the transport of impurities towards the crystal primarily bydiffusional purification and possibly by diffusional filtration , but also allows the crystalsurface sufficient time for self purification in which it desorbs infiltrating impurities to thesurrounding solution.Eventually, crystallographers are mainly interested in the diffraction quality of thecrystals and for that, several methods have been established to grow high quality crystals.
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Optimisation can be accomplished by reducing gravity-induced convection currents [25].Earlier studies have compared the crystallographic quality of protein crystals grownin microgravity to that of crystals grown in parallel in terrestrial setups under roughly thesame conditions [86]. The statistical analysis revealed that in about half the cases, thesuppression of convection leads to better crystals. These results suggest that diffusion-controlled growth cannot always be the magic wand.Recently, we described the ceiling crystallisation method in which diffusion-limitedgrowth is realised by allowing crystals to grow downwards from the lid of a growth celloverfilled with crystallisation solution [40, 69, 87]. If we allow the simultaneous growth ofcrystals at the bottom of this cell, where gravity-driven convection currents occur, we canprecisely compare the effect of diffusive and convective mass transport on the incorporationof impurities during protein crystallisation in the same growth cell and thus under otherwiseidentical conditions. In this report, we use two polymorphic forms of Hen Egg-WhiteLysozyme (HEWL), tetragonal and monoclinic, as our model crystals. HEWL crystalswere grown in the presence of a broad range of molar fractions of different impurities.We investigated and compared nucleation, crystal morphology, impurity segregation andX-ray diffraction quality of convectively and diffusively grown crystals. The aim was tomonitor the strength of self-purification in the presence of different impurities and to studywhether crystals can grow from highly contaminated or mixed solutions. Notwithstandingall the parameters which co-affect crystal quality, we have found that steady slow growthmediated by diffusion-controlled conditions leads to the growth of crystals with higherordering.
4.2 Theory
We briefly describe the theory of impurity incorporation during crystal growth, becausethis is needed to interpret the experimental results. Most of this description can also befound in the literature [88, 89, 90, 66, 91, 15]The concentration C ci of the impurity (i) in the crystal (c) with respect to its con-centration C si in the solution (s) can be characterised by various segregation coefficients(also called partition or distribution coefficients). If we use the concentrations relative tothe target protein (p) concentration Cp we obtain the fractional segregation coefficient:
K = (C ci /C cp )(C si /C sp ) (4.1)It is important to realise that the concentrations are the values at the growth interface,
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which may differ from the values in the bulk. K describes whether crystallisation leadsto purification (K < 1) or not (K > 1). Micro-heterogeneous impurities are normallydifficult to remove and have K > 1, while heterogeneous impurities typically have K <1. In order to describe the purification of the target protein with respect to the solution,the volume segregation coefficient is used:
k = C ciC si = C
cpC sp ∗ K (4.2)
k is related to the flux Ji of impurities at the interface by:
Ji = R (k − 1)C si ≡ βiC si (4.3)
with R the growth rate and βi the impurity kinetic coefficient. (βi is mentioned forcompleteness, but is not be used here). Equation (4.3) shows that for k > 1 there is a netflux towards the crystal, while for k < 1 this flux is negative. The ratio C cp /C sp is typicallyin the range 10-100 for protein crystallisation and thus in most cases, even when K < 1,the value of k is larger than 1, i.e., there is a net flux of impurities towards the crystal.Experimentally, it is difficult (if not impossible) to determine the protein and impurityconcentrations at the growth interface, and thus mass transport is modelled in order toderive the values at the interface from the known bulk concentrations. This leads to aneffective value K eff for the segregation coefficient with respect to the bulk concentration[89]. Moreover, the growth conditions may vary as a function of time and as a consequencethe impurity concentration in the crystal may not be constant. Keff is also used todenote the value of K averaged over these variations, both theoretically and experimentally[91, 15].In protein crystallisation it is often assumed that K is constant for a given impurity-protein combination [20], but segregation coefficients can depend on the growth rate andother parameters [88]. At very low growth rates, K will be equal to its thermodynamicequilibrium value Ko, but at high growth rates kinetics may change its value. Reducingthe growth rate may thus lead to a smaller value of K and this is called enhancedself-purification.Using k and K we can roughly predict the impurity concentration profiles underboth diffusion-limited and convection-mediated conditions. This is schematically shownin Fig. 4.1 a. During crystal growth, protein and impurity molecules are removed fromthe solution. When convection is present, the mixing will keep the concentration in thesolution approximately constant as indicated by the dashed lines in the solution.
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Figure 4.1: Schematic diagram for the impurity concentration profiles at the crystal-solutioninterface, under convective (dashed lines) and diffusive (solid lines) crystal growth conditions, inthe presence of macromolecular impurities bearing (a) different K and k values: the crystallisingprotein and impurities are assumed in this diagram to have the same D; (b) same K, but differentD. Under diffusion controlled conditions, if the flux of an impurity is slow enough, it may helpin developing an impurity depletion zone at the crystal interface. The initial concentrations forcrystallising protein and impurity are shown in dashed black lines. The concentration of protein inthe crystal (solid black line) is assumed to be constant and much higher than that of the impurity.
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The impurity concentration in the crystal will therefore also be constant, with a valuedetermined by K. This is indicated by the three dashed lines drawn in the crystal, forthree different values of K. Because of the constant concentration and the slow growth ofproteins, the K eff value is very close to the actual K value for convective growth.Now consider diffusion-limited growth. A protein depletion zone will develop aroundthe crystal and the growth rate will decrease. The concentration of the protein in thecrystal will of course be constant. The evolution of the impurity concentration dependson the values of K and k. For K > 1 (and thus k  1), impurities will be preferentiallyincorporated, leading to a stronger depletion of the impurities than of the protein in thesolution. As a consequence, the impurity concentration in the crystal will decrease asgrowth continues (red curves in Fig. 4.1 a). This is called diffusional purification. Suchcrystals will exhibit a core with an enhanced impurity concentration. For K < 1 and k> 1 there is still depletion of the impurity in the solution, but less than of the proteinand thus the concentration in the crystal will increase (blue curves). For K  1 and k<1, finally, there is an accumulation of impurities in the liquid ahead of the growth frontwhile, just as for the previous case, the impurity concentration in the crystal will increaseover time (green curves).For the conditions assumed here, we thus find that for K > 1, diffusion-limitedgrowth is beneficial as compared with convection-mediate growth in terms of impurityincorporation. For K < 1 the reverse is true [92]. The above discussion assumes thatthe diffusion coefficients of the impurity and protein are approximately the same. Thisdoes not have to be the case and Fig. 4.1 b schematically shows the expected behaviourfor k > 1 and K < 1. For heterogeneous impurities larger than the target protein, thecase of slower diffusion may frequently occur. This slow diffusion leads to a more rapiddepletion adjacent to the interface such that the concentration in the crystal may decreaseas well (red curve). This therefore identifies a regime where diffusion-limited growth canbe beneficial, even for K < 1. This is called diffusional filtration.
4.3 Materials and Methods
4.3.1 MaterialsHen egg-white lysozyme (HEWL)(Cat. No. L6876), albumin from bovine serum (BSA,fraction V, fatty acid-free; Cat. No. 85040C) and from egg white (ovalbumin; lot #066K7020V), and avidin from hen egg-white (lot # 031M7025V) were purchased fromSigma-Aldrich and used without further purification. Some relevant properties of thesemacromolecules are listed in Table 4.1. The activated fluorescent dye, DY-632-01 NHS
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ester, (C14H49N3O14S3Na2, MW = 950.03 g/mol) was obtained from Dyomics. All otherchemicals were of reagent grade.
Table 4.1: Summary of relevant physico-chemical properties of the proteins used in this study.MW: molecular weight, IEP: isoelectric point, D: diffusion coefficient
Protein MW (KDa) IEP D (m2/s)HEWL 14.307 10.5-11 1× 10−10Avidin 16.5-17.25 10.5-11 5.98− 6.4× 10−11Ovalbumin 43-45 4.6-4.7 7.1− 7.8× 10−11BSA 66.5 4.7 6.09× 10−11
4.3.2 MethodsProtein labelling with fluorophore
DY-632-01 was dissolved at 12mg/ml in DMF and mixed with HEWL monomersdissolved at 5mg/ml in 50 mM NaHCO3 solution (pH 8.3) at 1:1 molar ratio and incubatedin the dark for 2 hrs at 20oC. Subsequently, the excess dye was removed by gel filtration ona Sephadex G-25M column (GE-Healthcare) equilibrated in 100mM PBS-buffer (pH 7.4).The spectra of eluted fractions were recorded after suitable dilution (Lambda 35-UV/VISspectrophotometer, PerkinElmer instruments). HEWL and DY-632-01 have absorbancebands peaking at 281 nm (ε: 2.64 mg−1.cm−1) and 631nm (ε: 210.5 mg−1.cm−1),respectively. HEWL fractions that showed the highest extent of labelling were combined.MALDI-TOF analyses of the selected fractions showed that >50% of HEWL moleculeswere labelled, all with one dye molecule. The labelled HEWL will be designated as F-Lyz.
Crystallisation
Tetragonal and monoclinic crystals of HEWL were grown from solutions of NaCl(30-40 mg/ml) and NaNO3 (20 mg/ml), in which HEWL was added to a concentrationof 1 and 0.7 mM, respectively, in 50 mM NaOAc buffer, pH 4.5, at 19 ± 0.5oC in avibration-free environment. The protein concentrations C sp are 6.02 × 1014mm−3 and4.22× 1014mm−3 in the mother liquor of tetragonal and monoclinic crystals, respectively.From the crystallographic structure the protein concentrations in the crystals C cp arecalculated to be 3.47 × 1016mm−3 and 3.94 × 1016mm−3 for tetragonal and monoclinic
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crystals, respectively. We therefore use conditions in which the ratio C cp /C sp is 58 and 93for the growth of tetragonal and monoclinic crystals, respectively.The resultant supersaturation in both solutions is below the supersaturation at whichhomogeneous nucleation occurs [93], but optimal for crystal growth [94]. The crystallisationbehaviour of monoclinic HEWL is very sensitive to the presence of certain impurities, whichmay result in the growth of spherulites.To study the effect of protein contamination on crystal characteristics, we added F-Lyzand avidin, which have a similar structure and/or size as that of HEWL, and ovalbumin andBSA, which differ strongly in size and structure. In the cases of F-Lyz and BSA, a numberof crystallisation experiments were prepared with a range of impurity concentrations tosystematically investigate their effect on crystal growth: From 0.01 up to 3% of the molarratio in case of F-Lyz and from 2 up to 50% molar ratio in case of BSA. Avidin andovalbumin were added to accomplish molar ratios of 10 and 20% with respect to theinitial concentration of HEWL. Routinely, we prepared two parallel setups, one to monitorcrystal growth and the other for in situ analysis by confocal microscopy. For the first set,microtubes (800 µl) or microplates (150 or 350 µl) were used and the wells were overfilledwith the mother liquor and covered by a thin glass slip [40, 69]. Crystallisation in theseoblong cells is very suited to compare ceiling (diffusive growth) and batch (convectivegrowth) crystal growth [87]. For confocal laser scanning microscopy, 0.1 ml of the motherliquor was sandwiched between two glass cover slips separated by a rubber ring 0.6 cmin inner diameter and 0.25 cm thick.
Crystal characterisation
1. In situ measurements: Crystals were monitored under a polarisation microscope intransmission mode (Leica DM-RX), for in situ observation of crystal morphology. Micro-graphs were collected using a video camera (Evolution VF) and processed using Image Proplus 2. For the in situ monitoring of the incorporation of F-Lyz into single HEWL crystals,a confocal laser scanning microscope (CLSM) (Leica DM IRE2) was used. Excitation wasperformed with a HeNe laser (632.8 nm). The observation (fluorescence) wavelength rangewas 645-750 nm, using an excitation intensity of 17%, a PMT gain of 422 V and a pinholediaphragm diameter of 72.54 µm.2. Analysis of crystal composition: Quantitative analyses were performed to allowthe estimation of K eff of macromolecular impurities incorporated into the ceiling and batchcrystals.Impurity incorporation in the HEWL crystals was analysed by size exclusion chro-
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matography (gel filtration). Crystals from every single vial were carefully rinsed by bufferto remove the adhering mother liquor solution before being dissolved in water. Their con-tents were separated on a Discovery Bio Gel Filtration Column (MW range 500-150,000),in the HPLC mode (Aligent Technologies 1260 infinity) using 150 mM phosphate buffer asa mobile phase with detection at 214 nm. A standard curve was run for every constituentand used for quantification of HEWL and the contaminating proteins. The HPLC analysisshowed that the BSA sample largely consisted of monomers (82.9%), but also containedtrimers (13.8%) and tetramers (3.3%)3. X-ray diffraction: The effect of increasing the levels of BSA contamination on thediffraction quality of ceiling and batch tetragonal HEWL crystals was examined by usinga Cu-Kα rotating anode X-ray source (FR591, Bruker Nonius). For each contaminationlevel, tetragonal batch and ceiling crystals of comparable sizes were fished and immersedin freshly prepared mother liquor containing 30% PEG400 before being exposed for 30seconds to X-rays. Resolution limits realised at I/σ = 3 were determined using iMOSFLM[95].
4.4 Results
4.4.1 F-Lyz as an impurityWe observed nucleation after two days of incubation for tetragonal HEWL ceiling andbatch crystals in the presence of F-Lyz. This did not occur until one week later in thereference experiments (0% F-Lyz). The number of nuclei increased and the average crystalsize decreased with increasing F-Lyz content (Table 4.2).
Table 4.2: Effect of F-Lyz contamination (% w/w) on the average size and total number of tetragonalceiling crystals and the segregation coefficients of ceiling and batch crystals one week after startingthe crystallisation experiments
F-Lyz % Size (mm3) Number Keff (ceiling) Keff (batch)0 0.125 15 –1 0.064 40 1.50 2.302 0.027 50 4.37 6.443 0.008 60 6.21 10.46
As shown in Fig. 4.2 panels a and b, F-Lyz was not homogeneously distributed overthe tetragonal crystals. The highest level was detected in the crystal core with muchreduced levels of F-Lyz at the crystal edges, where it was preferentially incorporated into
74 CHAPTER 4. EFFECTS OF IMPURITIES
Figure 4.2: Confocal fluorescence micrographs of ceiling (left column) and batch (right column)tetragonal (a,b) and monoclinic (c,d) HEWL crystals. The plane of observation corresponds to thecenter of each crystal, where F-Lyz is relatively highly incorporated. All images were acquiredunder the same excitation and detection settings.
the {110} sectors. The ceiling crystals were less fluorescent than their batch counterparts.This is confirmed by the quantitative analysis using UV-Vis spectroscopy (Table 4.2).For monoclinic HEWL crystals, F-Lyz did not show an apparent effect on the sizeor nucleation and confocal microscopy showed that F-Lyz was homogeneously distributedthrough the crystals, except for a preference to the easily poisoned (01¯0) faces (Fig. 4.2panels c and d). Also, the fluorescence micrographs showed that the ceiling crystalsexhibited significantly lower contamination than their batch counterparts (Fig. 4.2).
4.4.2 Avidin as an impurityAvidin did not show a clear effect on the nucleation or the size of tetragonal HEWL crystals(Fig. 4.3). Microscopic inspection showed that the crystals have smooth and sharp edgeswith cracked cores. For the monoclinic polymorph, regular, but smaller ceiling crystalsgrew at 10% and 20% avidin molar fractions, respectively (Fig. 4.4). Batch crystals wereobtained as spherulites. For both polymorphs, the ceiling crystals showed a smaller K effcompared to their batch counterparts and the values mostly varied inversely with the initialcontamination level (Table 4.3).
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Table 4.3: K eff at 10 and 20% molar ratios of different impurities (X) for their incorporation intotetragonal and monoclinic HEWL ceiling and batch crystals
Tetragonal MonoclinicX:HEWL(M) 0.1 0.2 0.1 0.2Growth Ceiling Batch Ceiling Batch Ceiling Batch Ceiling BatchAvidin 1.65(0.52) 2.27(0.26) 1.14(0.26) 1.61(0.27) 1.41 1.62 0.93 1.87(0.27)Ovalbumin 0.28 0.02 1.06(0.04) 0.03 0.09(0.19) 0.02 0.05(0.03) 0.02Total BSA 0.27 0.06 0.04 0.03 0.03 0.02 0.02 0.02
BSA 1ers(82.9%) 0.33 0.03(0.02) 0.05 0.02 0.03 0.01 0.02 0.01BSA 3ers(13.8%) - 0.13 - 0.05 - 0.10 - 0.03BSA 4ers(3.3%) - 0.55(0.01) - 0.28 - 5.3E-06 - 0.07Data are the medians of triplicate experiments of every condition, each analysed independentlytwice. The results which were below the detection limit are indicated by a dash. The standarderror is only indicated if it is >0.01 (numbers in parentheses below the data).
4.4.3 Ovalbumin as an impurityIn contrast to F-Lyz, ovalbumin reduced nucleation for both polymorphs, except for thebatch crystals grown at the 20% level of contamination. Tetragonal crystals showed somesawtooth edges, and the crystals were slightly smaller than those grown in the presence ofavidin and there was no effect on the crystal morphology. The monoclinic ceiling crystalsgrew as large as they did in the presence of avidin (Fig. 4.4). Only among batch crystalsspherulites were observed.K eff values for the ceiling crystals were greater than that for batch ones and in allcases they were <1 (Table 4.3). In addition, K eff values for ceiling monoclinic crystalswere much smaller than for their tetragonal counterparts. For the ceiling tetragonalcrystals, K eff increased with the initial impurity concentration. In batch growth, bothpolymorphs reacted on the excessive impurity content of ovalbumin by enhanced nucleation,resulting in the growth of many small crystals, probably since the crystals stopped growingat a very early stage. This explains the big difference in Keff values determined betweenthe tetragonal ceiling crystals and their batch counterparts (Table 4.3).
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Figure 4.3: Tetragonal ceiling HEWL crystals grown in the presence of avidin at molar ratio of (a)10% and (b) 20% and in the presence of BSA at molar ratio of (c) 10% and (d) 20% of the HEWLin their mother liquor. Calibration bar represents 100µm.
Figure 4.4: Monoclinic ceiling HEWL crystals grown in the presence of avidin at molar ratio of(a) 10% and (b) 20% and in the presence of ovalbumin at molar ratio of (c) 10% and (d) 20% of theHEWL in their mother liquor. Calibration bar represents 100µm.
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Figure 4.5: The variation of the final BSA monomers to HEWL molar ratio of tetragonal HEWLceiling and batch crystals as a function of the initial BSA to HEWL molar ratio in the motherliquor. The slope of this function is the Keff , which is constant for batch crystals (linearly fitted)and increasing for the ceiling crystals (The curve is a guide to the eye). (1.4 mM HEWL, 35 mg/mlNaCl in 100 mM NaOAc pH 4.5, 20oC ).
4.4.4 BSA as an impurityKeff f or incorporation of BSA monomers were always <1, albeit ceiling crystals were morecontaminated than batch ones (Table 4.3). The quantitative analyses also revealed that theincorporation of BSA into tetragonal batch crystals increased with the initial concentrationof BSA in the solution in a way that led to an almost constant K eff regardless of theBSA concentration (Fig. 4.5). For the tetragonal ceiling crystals the incorporation showeda weak trend for both increased incorporation and increased K eff at high contaminationlevels (Fig. 4.5). Remarkably, the HPLC data showed that BSA trimers and tetramers,which represent 13.8 and 3.3 %, respectively, of the used BSA sample, were only presentin the batch crystals. These impurities are thus the exception to the common notion thatconvection-free grown crystals have a smaller K eff for micro-heterogeneous impurities anda larger K eff for heterogeneous impurities.BSA showed an inhibitory effect on the nucleation of ceiling tetragonal crystals.
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Nucleation was delayed and resulted in fewer crystals at higher BSA concentrations(Fig. 4.6). This effect may be due to the larger crystal-glass slip interfacial energyinduced by the prescence of of BSA, which is known for its strong adherence to glass [96].Microscopic inspection showed that the tetragonal ceiling crystals had highly orderedcores, highly defined sector boundaries and rough edges with a gradual decrease intheir aspect ratios (c-axis/a or b-axis) with increasing BSA contamination. In contrast,batch crystals encountered enhanced nucleation with increasing BSA contamination andat higher concentrations, twinned crystals and poly-crystallisation sites were observed(Fig. 4.6). The resulting batch crystals were in most cases smaller than their ceilingcounterparts.
Figure 4.6: Micrographs of the ceiling (upper row) and batch (bottom row) tetragonal HEWLcrystals (1.05 mM HEWL, 30 mg/ml NaCl in 100 mM NaOAC pH 4.5, 20oC ) grown in the presenceof 0 (a,f ), 19 (b,g), 37 (c,h), 75 (d,i) and 150 (e,j) µM BSA in the mother liquor. Calibration barrepresents 100 µm
Figure 4.7: Overview of the ceiling (upper row) and batch (lower row) monoclinic HEWL crystals(1.05 mM HEWL, 20 mg/ml NaNO3in 100 mM NaOAC pH 4.5, 20oC ) grown in the presence of 0(a,f ), 19 (b,g), 37 (c,h), 75 (d,i) and 150 (e,j) µM BSA in the mother liquor. All the micrographsare displayed at the same magnification.
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For monoclinic HEWL crystallisation, the nucleation was enhanced with increasingBSA concentration both for the ceiling and batch crystals and the final size of the crystalswas again decreasing (Fig. 4.7). Monoclinic HEWL crystals showed a decrease in thegrowth of their (010) faces as a direct effect of BSA contamination. In addition, thecrystals showed an increased tendency to share the poisoned (01¯0) faces and to grow incolumnar groups. These groups turned into spherulites in case of the ceiling crystals andinto completely disordered globular structures for batch crystals at high molar fractionsof BSA (10 and 20%). These morphological changes are not a consequence of an effectiveincrease in the initial supersaturation of HEWL because HPLC analyses of the drainedsolution after the crystallisation experiments did not show a significant change in theconcentration of HEWL for all levels of BSA contamination.X-ray Resolution For tetragonal HEWL crystals grown in the presence of BSA, wedetermined very small K eff ’s for the batch crystals and significantly higher values fortheir ceiling counterparts. We expected that this would decrease the diffraction qualityof the ceiling crystals. Hence, we decided to compare the X-ray resolution for the twogrowth modes in this protein-impurity combination. Table 4.4 shows the X-ray diffractiondata for tetragonal ceiling and batch HEWL crystals grown in the presence of differentlevels of BSA contamination. Surprisingly, the difference in diffraction quality showsthat the ceiling crystals, grown under diffusion-limited conditions, have better diffractionquality than their batch counterparts especially at the higher contamination levels. Theestimated mosaicity was lower in the ceiling crystals than in their batch counterparts andthe deviation in lattice parameters was very limited.
4.5 Discussion
The results revealed that the behaviour of the different impurities during HEWL crystalli-sation depends on impurity type, mass transport and polymorphic form.
4.5.1 Impurity incorporation under diffusive versus convective growthThe main results with respect to impurity incorporation are summarised in Tables 4.2 &4.3. From the Keff values obtained for the batch crystals that, owing to the solutionmixing, are closest to the real K values, the involved macromolecular impurities used inthis study are distinguished into three main groups:
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Table 4.4: Laboratory X-ray diffraction data for the structural resolution of ceiling and batchtetragonal HEWL crystals grown in the presence of different molar ratio’s of BSA
Impurity Growth regime Best value Crystal size mean n S.D.
1.25% ceiling 1.63 Å 400 µm 1.75 Å 5 0.10batch 2.00 Å 400 µm 2.04 Å 5 0.04
2.5% ceiling 1.70 Å 300 µm 2.39 Å 4 0.92batch 1.61 Å 300 µm 3.29 Å 5 1.69
5% ceiling 1.73 Å 200 µm 2.73 Å 5 1.19batch 1.70 Å 200 µm 3.38 Å 4 1.93
10% ceiling 1.56 Å 160 µm 1.87 Å 4 0.41batch 2.20 Å 160 µm 2.22 Å 3 0.07
20% ceiling 1.92 Å 160 µm 2.57 Å 5 0.68batch 4.65 Å 160 µm 5.29 Å 3 1.22We used the closest crystal-detector distance (9 mm) in order to realise a resolution of 1.44Å atthe edge of the detector. Resolution limits were determined at I/σ = 3. Crystal size is given bytheir length along their c-axis. N.B. The ceiling crystals are always thinner along their {110}compared to their batch crystals, which are more symmetric in shape.
a) Micro-heterogeneous impurities: F-Lyz and avidin (K eff >1)The crystals incorporate a relatively high concentration of the micro-heterogeneous impu-rities F-Lyz and avidin with respect to the instantaneous concentration in the solution atthe interface. As shown in Fig. 4.1 a, for this case the ceiling crystals are expected to havea lower average impurity uptake due to the rapid impurity depletion in the solution. Thisfully agrees with our observations: for all concentrations of both impurities and for bothpolymorphs, Keff for the ceiling crystals is less than for the corresponding batch ones.Fig 4.2 shows the corresponding impurity-rich cores that are formed in the tetragonalcrystals under these conditions. These are clear cases of diffusional purification in theregime K >1 where diffusion-limited growth is known to be beneficial.The only unexpected observation is the increase of K eff with increasing F-Lyz con-centration (Table 4.2). This seems to contradict the common observation that K is constant[20], as was the case with avidin (Table 4.3). However, this case can be explained bythe strong effect that F-Lyz has on the nucleation: the more F-Lyz the more crystals.
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Table 4.2 lists the number of crystals for the ceiling configuration; the batch crystals werecountless and also increased in abundance with F-Lyz concentration. This means that fora higher F-Lyz concentration, more but smaller crystals are formed. Each crystal has animpurity-rich core and a small rim with a lower impurity and thus high average impurityconcentration. This explains the increase in K eff for both ceiling and batch crystals.
b) Heterogeneous impurities: ovalbumin and BSA monomers (K eff  1)As heterogeneous impurities ovalbumin and BSA monomer clearly fall in the regime K  1(Fig. 4.1 a, Table 4.3). Since C cp /C sp is 58 and 93 for tetragonal and monoclinic HEWL,respectively, these impurities have k values around 1. Whether k is less or greater than 1determines if the impurity concentration profile in the liquid for ceiling growth is enhancedor depleted, respectively. Nevertheless, in both cases the impurity concentration in thecrystal is expected to be higher for ceiling crystals, since this is determined by the valueof K. This is exactly what is observed: in all cases Keff is higher for ceiling than forbatch crystals.Here, the batch crystals have benefited from the continual solution mixing resultingfrom natural convection, which helped in maintaining a reasonably low impurity to HEWLratio at the crystal vicinity, reducing impurity incorporation. A subsequent result of con-tinual solution mixing is the enhanced nucleation in convective growth (Fig. 4.6, Fig. 4.7).This is because the effective supersaturation stays high enough to induce nucleation ofnew crystals after the rapid surface blockage of the other growing batch crystals. Thisis not the case in diffusion-controlled crystallisation conditions, where a HEWL-depletionzone develops around the crystal.For the BSA monomers the final ratio between BSA and lysozyme in the crystal hasalso been determined for a wider range of initial ratios in the solution (Fig. 4.5). Theslopes of these data corresponds to K eff . We see that K eff is much smaller for thebatch crystals, in agreement with the more limited data from Table 4.3. For the batchcrystals K eff appears to be constant, for the ceiling crystals the K eff seems to increasefor increasing impurity concentrations, but the spread in the data makes it difficult to drawfirm conclusions.
c) High molecular weight heterogeneous impurities (K eff <1)Next we consider the oligomers of BSA, where K eff of the crystals is also less than 1.In most cases the values for K eff for the batch crystals are larger than 0.03 and thusk > 1. Following the explanation used for ovalbumin and the BSA monomer, one would
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expect the ceiling crystals to have a higher impurity content than the batch crystals.Surprisingly, this is not the case, the concentration of the BSA oligomers in the ceilingcrystals is below the detection limit, and thus about a factor 100 lower than expected atfirst glance. This large difference cannot be explained by the lower diffusion coefficientof the oligomers. The BSA oligomer molecules are significantly larger and thus will havea significantly slower diffusion than the lysozyme molecules. Fig. 4.1b sketches the roleof reduced diffusion for the regime k > 1, K < 1, i.e. the regime of these oligomers.Based on this, the observed K eff values for the ceiling crystals are expected to be afactor 2-4 lower than for the batch crystals. We find a much stronger effect, and thusdiffusional filtration does not play a role here. On the contrary, since the oligomers arefound to have K ≈ 0, the impurities are completely expelled and will accumulate at theinterface. This is an extreme case of the situation K  1 in K effa (green curve). Thelow diffusion coefficient of the impurities is now a disadvantage, because the impuritieswill only be slowly removed from the interfacial region. The data show, however, thateven under these circumstances no impurities are incorporated. As an explanation for theobserved behaviour we propose that the K value depends strongly on the growth rate. TheBSA oligomers are heterogeneous impurities that do not fit easily in the crystal lattice oflysozyme (K < 1). At the high growth rates during batch crystallisation these oligomersare likely embedded in the crystals by being captured by the steps that rapidly flowacross the surface. For ceiling growth the step rate is much reduced and there is moreopportunity for the BSA oligomers to be released from the surface. We thus propose thatK depends on the growth rate and is much smaller for ceiling than for batch growth. Evenin the regime K < 1 diffusion-limited growth can therefore be beneficial owing to theenhanced self-purification.
4.5.2 Impurity effects on structural resolutionAs mentioned, we tested the diffraction quality of ceiling and batch tetragonal crystalsgrown in the presence of BSA, because the ceiling crystals show higher Keff values forBSA monomers than the batch crystals, while only the latter incorporated BSA trimersand tetramers. The diffraction results show that there are no big differences in thediffraction quality between the ceiling and batch crystals at low contamination levels(Table 4). Possibly, this is because the ceiling tetragonal HEWL crystals tend to growas thin elongated crystals, while the batch crystals grow as symmetric ones [59, 69].It was also shown before that the realised structural resolution limit is directly relatedto the crystal volume [40]. Based on the latter, ceiling crystals are therefore expectedto possess worse resolution than their batch counterparts, which was not the case. At
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higher contaminations, it becomes clear that ceiling crystals significantly beat their batchcounterparts in structural resolution (Table 4.4). From the experimental results, we canidentify three main factors that potentially explain the better structural resolution of ceilingcrystals than batch ones:
a) growth rateBy growing crystals more slowly, HEWL molecules have more time to order and areexpected to yield better crystals. Indeed, despite being thinner, the ceiling crystals havea resolution that is at least the same as the batch crystals. However, the fact that atlow impurity levels the batch crystals have nearly the same resolution while having verydifferent growth rate, shows that the growth rate itself is not the main explanation in thiscase. As discussed below, the effect of the growth rate on the impurity uptake is important.
b) BSA monomers concentrationThe BSA monomer concentration is higher in ceiling than in batch crystals, and thus thisanti-correlates with the resolution. Apparently the BSA monomers fit quite well in thetetragonal crystal lattice and thus they do relatively little harm. It is possible that, evenwhen the concentration of the BSA monomers in the ceiling crystals is higher, the slowergrowth rate leads to a more ordered incorporation and thus less disturbance of the crystallattice.
b) BSA oligomers concentrationThe BSA oligomers are not detectable in ceiling crystals, but are present in relativelylarge concentrations in the batch crystals. These oligomers do not fit in the crystallattice and the resulting lattice distortions are therefore most probably responsible fordeteriorating the diffraction quality of the batch crystals.
4.5.3 Effect of impurities on crystal morphologyChanges in the morphology of crystals have only been observed in the presence of hetero-geneous impurities (BSA and ovalbumin). Our residue HPLC analyses indicate that evenat high levels of contamination none of the impurities affect the supersaturation, as wasalso shown before [97]. This demonstrates that the triggered nucleation and morphologicalchanges are not side effects of a net increase in supersaturation [59].
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BSA retard the growth of {101} facets, while having little effect on the {110} facets(Fig. 4.6). We argued in the previous section that BSA monomers easily fit in thecrystalline lattice of tetragonal HEWL, but this is clearly not the case for the {101}facets. The reason for this is the step height (34Å)and shape (jagged) of the {101} facets[98]. The BSA monomers, with a size of 45Å, do not fit on the {101} facets and thusthey are easily poisoned giving rise to macro-steps consisting of multiple growth layersas we detected at the 14% molar BSA contamination (Fig. 4.6 (e)), or completely leaf-likepolycrystals at higher contamination (Fig. 4.3), and consequently early cessation of growthfor the {101} faces, resulting in thicker and shorter tetragonal crystals (Fig. 4.6). On theother hand, the relative smoothness of the {110} faces allows for the addition of growthunits if only these units conform to the {110} bimolecular growth step height (54Å). Thisfacilitates the incorporation of BSA monomers.While tetragonal crystals showed only changes in their aspect ratios, monocliniccrystals show substantial morphological changes from very large crystals in the referencecondition, to clusters of small columnar crystals, subsequently spherulites and finallyamorphous globules at increasing levels of contamination Figs. 4.4,4.7). This can be aresult of the adsorption of impurity molecules on the growing {010} faces in a way thattriggers their tip splitting [99]. The crystal morphology shows also that this tip splittingof {010} faces is accompanied by a blockage of the {001} faces.
4.5.4 Impurity incorporation in different polymorphsCompared to the tetragonal polymorph, the monoclinic crystals showed on average lowerimpurity incorporation in nearly all cases (Table 4.2). The difference in impurity distri-bution between both polymorphs may be a consequence of the difference in the facetsthat grow and the corresponding sites in which an impurity is incorporated with respectto the intermolecular contact areas of the adjacent HEWL building blocks [92]. Moreimportantly, monoclinic crystals maintain their growth by the incorporation of growth unitscomprising two HEWL molecules [100], whereas tetragonal crystals maintain their growthby 43 tetrameric helices [98]. Because of this size difference, single molecules of ovalbuminor BSA can easier substitute growth units of tetragonal crystals than those of monoclinicones. These reasons together explain the relatively lower K eff values for monoclinicHEWL crystals in the presence of all kinds of impurities, compared to those for tetragonalHEWL crystals. This shows that growing different polymorphs of the same protein canlead to significantly different crystals qualities under otherwise the same conditions.
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4.6 Conclusions
The ceiling crystallisation method, while designed to grow crystals under diffusion-limitedconditions, allows the direct comparison of protein crystals that are grown under conditionsof diffusional as well as convective mass transport within the same vial, thus with allother parameters being equal. The comparison using two polymorphs of HEWL andseveral impurities shows that in most cases the impurity incorporation follows the expectedbehaviour: for micro-heterogeneous impurities (K > 1) diffusion-limited growth leads toless impurities, while for heterogeneous impurities (K < 1) diffusion-limited growth leadsto a higher impurity concentration as compared to batch growth.We found, however, that even in the regime of K < 1, diffusion-limited growth canbe highly beneficial because, in contrast to most reports in the literature, the value of thesegregation coefficient can depend strongly on the growth rate and thus enhanced self-purification can occur. For the case of BSA oligomer impurities we found that the slowgrowth rate during ceiling crystallisation leads to a complete absence of these impuritiesin the crystals.We also found, unlike the common knowledge on impurity segregation, that impurityincorporation of a certain impurity-protein combination is constant only if the impurity isnot functioning as a co-nucleant.We further found that the monoclinic polymorph incorporated less impurities than thetetragonal one for HEWL. This suggests that if the target protein is crystallizable in twoor more polymorphic forms, it could be advantageous to choose the polymorph with thelowest impurity distribution, because this would result in crystals bearing lower mosaicityand thus higher crystallinity.In all investigated cases, the tetragonal ceiling HEWL crystals grown in the presenceof the heterogeneous impurity BSA had an equal or better X-ray resolution than thebatch-grown crystals. This is likely caused by an improved crystal packing of the BSAmonomers and the almost complete self-purification from BSA oligomers at the slow growthrate during diffusion-limited growth.There are many ways in which impurities can affect crystal growth, crystal purity andperfection, but our results show that diffusion-limited growth, for example using the ceilingcrystallisation method, often gives higher-quality crystals with lower impurity content forboth micro-heterogeneous and heterogeneous impurities.
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Chapter 5
Illuminating Protein Crystal Growthusing Fluorescent-Labelled Proteins1
AbstractBy using trace amounts of fluorescent labelled protein monomers, we studied severaloptical properties and the growth history of protein crystals. This was facilitated by usingconfocal laser scanning microscopy and polarisation microscopy. The distribution profileof these labelled monomers showed that during crystal growth they do not always act asmicro-heterogeneous impurities for the crystals of their native monomers. Their orientation,distribution and incorporation efficiency into the host crystals showed a wide variationwhich depends on the crystal symmetry and other biophysical structural properties.
1The content of this chapter is to be submitted as: Alaa Adawy, Willem vanEnckevort, Willem J. de Grip, Elias Vlieg
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88 CHAPTER 5. OPTICAL STUDIES OF PROTEIN CRYSTALS
5.1 Introduction
Fluorescence is one of the most powerful phenomena used for studying macromoleculesand their interactions in solution. Most proteins contain intrinsic fluorescent amino acids,but at the high concentrations in a crystal this intrinsic fluorescence suffers from thequenching effect and is therefore difficult to use [101]. Instead, small fluorophores can becovalently bonded to a small fraction of the macromolecules [102].With respect to protein crystallisation, fluorophores are used for two purposes. Thefirst one is identifying protein crystals, as a step for high output for structural genomicsprojects [103]. For this, labelling is not required and fluorphores can be directly added tothe crystallisation solution. This is perfect for initially scanning to differentiate proteinfrom salt crystals, because salt cannot bind to a dye. Second, fluorophores are usedto study the impurity effect of structurally related impurities on the crystallisation ofmacromolecules [81, 102, 103, 104, 105, 106]. For these studies, fluorphores are used aslabels on the impurity molecule. In this approach, the derivatised molecules should notmarkedly affect the crystal packing and easily replace the original macromolecules duringcrystallisation. Therefore, the molecules should be labelled at sites that do not block vitalintermolecular contacts which markedly affect crystal packing or cause early cessation ofcrystal growth [107].Labelling proteins is essentially a modification process in which the native macro-molecule encounters a slight change in its molecular weight, molecular charge and contactpoints on the monomer surface. However, it was also proven that modifications induced bybinding or substituting amino acids on a macromolecule surface could lead to the formationof a low-entropy surface patch and thus enhance its crystallisability [108]. Nevertheless,in most cases, these derivatised macromolecules act as micro-heterogeneous impurities,which are preferentially incorporated at the early stages of nucleation and protein crystalgrowth. Matsui and co-workers modified the ε-amino group of the N-terminal lysine ofhen egg white lysozyme (HEWL) with a fluorescent reagent, forming F-lysozyme, whichis 455 daltons heavier than HEWL (14.307 KD) [105]. They showed that even at lowconcentration, F-lysozyme suppressed the nucleation and growth rate of the tetragonalpolymorph of HEWL, while it did not cause any change for the monoclinic form. This canbe directly explained by the location of the modified tail with respect to the intermolecularcontact areas, being inside for tetragonal crystals and outside for monoclinic ones. Theirresults agreed with the argument of Thomas and co-workers that inhibiting the formationof specific intermolecular contacts plays a crucial role in the crystallisation processes [20].Later, Van Driessche and co-workers studied the effect of the same modified monomer onthe elementary growth steps on {110} faces of tetragonal HEWL crystals [109]. They
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found that F-lysozyme molecules preferentially adsorb on steps, just like the native HEWLmolecules, and are then incorporated into the crystal via the kinks on steps. In addition,they did not find any experimental evidence for pinning of step advancement by F-lysozymeadsorbed at kinks. They explained this observation by the very similar molecular surfaceand molecular weight of F-lysozyme compared to that of native lysozyme.Here, we use fluorescently labelled proteins (F-proteins) as tracers of protein crystalgrowth history. This is possible, because derivatised monomers are incorporated non-uniformly during protein crystal growth. Their different interactions with the growingcrystal lead to different incorporation efficiencies ranging from preferred incorporationto complete rejection. This also affects the optical properties of the crystals. If thesegregation of an F-protein differs for different growth sectors in a crystal, the visiblesector boundaries provide information on the different growth rates of adjacent faces intime.In order to in situ monitor the crystal growth history, the observations are performedby using a confocal fluorescence microscope [110]. This microscope gives the ability toview the crystal as a finite number of transverse sections at different heights, which areafterwards reconstructed to give a 3D image. The optical properties are determined bythe assembly of the molecules within the crystals and the symmetry elements governingtheir spatial relations to one another. The preferential orientation of F-proteins withinthe crystals is monitored by polarisation microscopy, which can reveal crystallographicsymmetry elements. Taking into account that many protein crystals do not exhibit theappropriate external features of regular crystals, these microscopic characterisations canbe used as a tool for protein crystallographers in order to improve their inspections.In this study we focus our attention on the role of F-proteins of HEWL (F-Lyz),bovine insulin (F-ins) and bovine serum albumin (F-BSA) on the growth and propertiesof HEWL, insulin and bovine serum albumin (BSA) crystals. We qualitatively focus onthe incorporation, distribution and orientation of the F-proteins in the different proteinhost crystals by using confocal fluorescence microscopy and polarisation microscopy. Aquantitative study on impurity segregation is given in chapter four of this thesis.
5.2 Materials and Methods
Hen egg-white lysozyme (Cat. No. L6876), fatty acid free BSA (Fraction V, Cat. No.85040C) and bovine insulin (lot # 069k09822) were purchased from Sigma-Aldrich andused without further purification. All other chemicals were of reagent grade. 1 mg ofthe fluorescent dye DY-632-01 NHS ester (C14H49N3O14S3Na2) (MW = 950.03 g/mol,
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Dyomics) was dissolved in 80 µl DMF, giving a dense solution of 10.5 mM, before beingmixed with the different protein solutions. For HEWL there are seven possible sites forlabelling with the activated DY-632-01: one α-amino group of the N-terminus and the ε-amino groups of the six lysine residues. HEWL was dissolved in 50 mM NaHCO3 solution(pH 8.3 at 5 mg/ml concentration) before being mixed with fluorophores at a molar ratioof 1:1 and incubated in dark for 2 hrs at 20oC. After labelling, the excess reagents wereremoved by gel filtration on a Sephadex G-25M column (GE-Healthcare) equilibratedin 100mM PBS-buffer (pH 7.4). The labelled fractions were afterwards eluted in darkcentrifuge microtubes. Using basically the same protocol, one of the 12 free N-termini ofboth the A- and B-chains of hexamer bovine insulin was labelled, with the molar ratio ofthe dye to insulin monomer set at 0.3. BSA has three lysine residues (Lys473, Lys349 andLys116) which participate in binding fatty acids and two other lysine residues (Lys475and Lys351) located on the molecule surface [111]. It was labelled in the same way withthe dye in a molar ratio of one. The absorbance of the eluted fractions was measuredusing a spectrophotometer (Lambda 35-UV/VIS, PerkinElmer instruments) after suitabledilution. HEWL, bovine insulin, BSA and DY-632-1 showed absorbance bands at 281nm (ε: 2.64 mg−1.cm−1), 276nm (ε: 1.04 mg−1.cm−1), 279nm (ε: 0.65 mg−1.cm−1) and631nm(ε :210.5 mg−1.cm−1), respectively. The fractions that showed the highest labellingcontent were mixed together. MALDI-TOF measurements for the selected fractions showedlabelling efficiency of >50% for F-Lyz, and >90% for F-BSA and F-Ins.Tetragonal and monoclinic HEWL crystals were grown from solutions containing 4%w/v NaCl and 2% w/v NaNO3 as precipitants mixed with 12 mg/ml and 10 mg/ml HEWL ,repectively, dissolved in 0.1 M sodium acetate buffer (pH 4.5) at 20oC [69]. Bovine insulincrystals were grown using the protocol described in [51], except that the final concentrationof insulin was 0.75 mg/ml, and no acetone was used (pH 6.1). BSA crystals were grownaccording to the protocol reported earlier for human serum albumin in which 100 mg/ml ofthe protein is used with 40% PEG400 in 0.1 M KH2PO4 as crystallisation precipitant (pH7.0 at 4oC [111]. F-proteins were added into the different crystallisation solutions to a totalconcentration of 1% w/w of the unlabelled protein. The crystallisation solutions were thensandwiched between two glass cover slips separated by a rubber ring of 3 mm thicknessin order to allow for both crystal growth and microscopic inspection. Crystals growingunderneath the upper slip experience essentially diffusion-limited conditions, whereascrystals at the lower slip grow in the presence of convection currents [87]. The observationswere performed using a polarisation microscope (Leica DM-RX) in the transmission mode.Images were collected with a video camera (Evolution VF) and processed by means of ImagePro plus 2 software. The orientation dependent dichroism of the crystals was examinedby the same microscope, using a single polariser. In situ observation of the preferential
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distribution of F-proteins into the different crystals was done on a Leica Confocal LaserScanning Microscope (CLSM), using a HeNe laser (632.8 nm) as an excitation source.The observation (fluorescence) wavelength range was 645 - 750 nm, using an excitationintensity of 17 % and a pinhole diaphragm diameter around 80 µm. The photomultipliertube (PMT) gain was varied from 250V to 570V, while all other settings were kept constant,for different crystallisation groups. In this way optimum image contrast is obtained andsaturation of the confocal micrographs is avoided. Higher PMT voltages indicate lowerfluorescence intensities (Table 5.1).
Table 5.1: The PMT voltages used for the different crystallisation combinations during CLSMexaminations
Combination PMT (V)
Tetragonal HEWL + F-Lyz 278Tetragonal HEWL + F-Ins 315Tetragonal HEWL + F-BSA 412Monoclinic HEWL + F-Lyz 250Monoclinic HEWL + F-Ins 385Monoclinic HEWL + F-BSA 424Rhombohedral insulin + F-Ins 500Trigonal BSA + F-BSA 570
5.3 Results and Discussion
5.3.1 Tetragonal HEWLF-Lyz into tetragonal HEWL crystalsIn the presence of F-Lyz, the nucleation of the tetragonal HEWL crystals was enhancedand therefore the crystals were not bigger than 100 µm along their c-axis (Fig. 5.1).Under a bright field microscope, the crystals show a bluish colour, which is a consequenceof the preferential absorption of the incorporated fluorophore in the red-infrared part(620 - 750 nm) of the light spectrum. Tetragonal HEWL crystals grow through two maincrystallographic facets, {110} and {101}. The dependence of the final morphology of thecrystals on the level of supersaturation was shown earlier [59, 112]. At low supersaturation,{101} grow faster than {110} and the crystals become oblong along 〈001〉. At highersupersaturation, {101} and {110} grow at the same rate and thus the crystals are more
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Figure 5.1: Polarisation micrograph of tetragonal HEWL crystals grown in the presence of 0.05%(w/v) F-Lyz in their mother liquor. Here the crystals are imaged between crossed polarisers toeliminate the bluish background colour of the mother liquor.
Figure 5.2: Calculated (110) cross-section profiles for the growth of tetragonal HEWL, showing the{110} and {101} growth sectors. The growth morphology is determined by two crystallographicfaces: {101} (blue) and {110} (grey). If the growth rate of {101} prevails, the resultant crystalis oblong along 〈001〉 (a). If the growth rate of {110} prevails, the crystals tend to be extendedalong 〈110〉 (b).
Figure 5.3: Tetragonal HEWL crystal, grown in the presence of 0.05% (w/v) F-Lyz, viewed underthe polarisation microscope along [110] (a,b) and along [001] (c,d) using a single polariser. Rotatingthe polariser 90o (from a to b, and c to d) shows that the crystal exhibit dichroism only whenviewed along [110]. On the right, the plane of conjugated pi-bonds in both cases is shown.
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block shaped. At extremely high growth rates, {110} grow much more rapidly than {101}and the crystals tend to become flattened bi-pyramids with edges pointing towards 〈100〉.This leads to differently shaped {110} and {101} growth sectors in the crystals (Fig. 5.2).The optical transmission micrographs reveal a difference in the colour for the two kinds ofgrowth sectors, {110} being more bluish/greenish than {101}( Fig. 5.3 a). This differenceindicates that F-Lyz is preferentially incorporated in the {110} sectors. In addition, whenthe crystals are monitored along 〈110〉 using a single polariser, the fluorescent dye showsdichroism, while they do not show this effect along 〈001〉. As can be seen in Fig. 5.3 whenviewing along 〈110〉 with the polariser parallel to [110], blue light is visible, i.e. red lightis absorbed. This effect is absent if the polariser is parallel to [001]. Both the preferentialoccurrence in the {110} sectors and the dichroic effect indicate that the fluorophoreshave a preferential position and orientation in the crystals and, therefore, they cannot beindependently distributed, but have to be attached to HEWL molecules. This was furtherconfirmed by photo-bleaching a part of a crystal using a highly intense laser beam andre-examining its fluorescence distribution after 2 hrs. The resulting micrographs revealedthat there was no free diffusion of the individual fluorophores within the water channelsin the crystal (Fig. 5.4). This is different from the work reported in reference [113] inwhich the small fluorescein molecules were freely moving within the water channels of theHEWL crystals, while in this study the fluorophores were covalently bonded to proteinmonomers.In order to understand this preferential orientation, we have to look into the nativeHEWL molecule, which is ellipsoidal and has 6 lysine residues on its surface: Lys 1 andLys 116 along the z-axis, and Lys 33 and Lys 97 along the y-axis so that these four arealmost equally distributed on the molecule surface. Lys 96 and Lys 13 are located closeto Lys 97 on the same side along the x-axis (Fig. 5.5). Of all lysine residues, Lys 97 andLys 33 were shown earlier to have the highest reactivity for labelling [114]. Taking intoaccount the initial ratio of the dye to protein during the labelling experiments (1:1) andthe labelling efficiency of about 50%, we expect that the labelled residues are those lyingalong the y-axis and therefore the fluorophore is expected to be covalently bonded to Lys97 or Lys 33 in such a way that the conjugated pi-bonds of the fluorophores (Fig. 5.6)lie in x-z plane of the molecule. The latter plane is almost normal to the crystallographicc-axis of the tetragonal crystal 2.Returning to the microscopic inspection, the observed dichroism of the F-Lyz dopedtetragonal HEWL crystals complies with their 422 point group symmetry. Viewed alongthe 〈001〉 4-fold axis, no change in colour is observed upon rotation of the polariser over
2look at http://www.rcsb.org/pdb/explore/jmol.do?structureId=2YVB& opt=3
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Figure 5.4: CLSM micrographs of the central (110) slice of a tetragonal HEWL crystal (a). Thehighest fluorescence intensity is located at the central core of the crystal. After 2 hrs from photo-bleaching a section of this crystal no diffusion of fluorophores was detected (b), confirming thatthe dye is only bound to protein molecules and not freely moving within the crystal.
Figure 5.5: The ellipsoidal HEWL molecule with 6 lysine residues (a); A schematic drawingshowing the molecules rotated around the y-axis in 90o steps (b). Adapted from [114] with thekind permission of the authors & publisher (Licence # 3240681117906)
Figure 5.6: The chemical structure of DY-632. The arrow points to the carboxyl group that isactivated as the NHS-ester.
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90o. On the other hand, when viewed along a 〈110〉 2-fold axis a 90o rotation gives achange in colour, but a rotation over 180o gives no change. This dichroism also indicates apreferential orientation of the dye attached to the labelled molecules in the HEWL crystallattice. If the E-vector of the polarised light beam is parallel to the plane of conjugatedpi-bonds of the fluorophore, the red component of the beam is absorbed, giving a bluishcolouration of the crystals (Fig. 5.3). Since this bluish colouring was observed for allpolarisation (E-vector) directions when the crystal was viewed along 〈001〉 (Fig. 5.3 c,d),as well as for the polarisation direction parallel to [110] when viewed along [110] (Fig. 5.3a), it follows that the conjugated plane is parallel to {001} in the crystal on average. Ifthe E-vector is parallel to [001], i.e. perpendicular to the conjugated pi-bond plane, noabsorption occurs and the crystal is colourless (Fig. 5.3 b).CLSM images displayed in Fig. 5.7(a) show that crystals monitored along their c-axis(〈001〉) yield stronger fluorescence than those monitored along 〈110〉. This is a logicalconsequence of the fact that these micrographs are obtained by using non-polarised laserlight. For the crystals viewed along 〈110〉, only laser polarisation directions near [110]lead to absorption and thus fluorescence, whereas all polarisation directions contributeto the light absorption and subsequent fluorescence for the crystals viewed along 〈001〉.Viewing the crystals along their 〈110〉 direction shows that the distribution of F-Lyz isnot homogeneous throughout the crystals, but differs for the two main crystallographicfaces, with a higher incorporation within the {110} growth sectors as compared to the{101} sectors (Fig. 5.7). In addition, the crystal cores have the highest fluorescenceintensity which decreases towards their peripheries. This happens because F-Lyz acts asa structurally related, i.e., micro-heterogeneous impurity for HEWL that is preferentiallyincorporated at the early stages of crystal growth [15]. This leads to a substantial depletionof F-Lyz in the crystallisation solution during continued growth.The sector boundaries, which are formed between the prismatic {110} and pyramidal{101} faces, are curved in a way revealing that the {101} faces continued to grow for alonger time or at a higher rate than the {110} faces. The slope angle of these boundaries,φ = atan(dy/dz), is related to the relative growth rates of the adjacent {101} and {110}faces according to
R101R110 = 0.3056 +
√0.8133sin2φ − 0.8133 (5.1)
as derived in the appendix and displayed in Fig. 5.8. This allows for mapping the growthhistory of the crystal. The measurement of the sector boundary slope of the crystal shown
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in Fig. 5.8 gives the relative growth rates of the {110} and {101} faces as a function of theposition in the crystal, starting from the central nucleus. It can be seen that at the earlystage of growth R110/R101 is about 0.5, which is characteristic for high supersaturation[59, 112]. Upon further growth the supersaturation decreases by depletion of the solution,
Figure 5.7: CLSM micrograph of HEWL crystals: (a) shows the difference in fluorescence intensityfor crystals viewed along 〈001〉 (high) and 〈110〉 (low); Along 〈110〉, the non-uniform distributionof F-Lyz is shown at (b) The central plane of the crystal; (c) A slightly higher plane, showing thecentral upward {110} growth sector more clearly.
Figure 5.8: Sector boundary slope angle between the growth sectors of the adjacent {101} and{110} as a function of the distance from the crystal core. This is directly related to the relativegrowth rates of the {101} to {110} faces at different stages, which reflects the history of crystalgrowth.
leading to a decrease in R(110)/R(101). At the end the {101} still grows, but the {110}face is completely blocked. Probably the 110 face enters the so-called dead zone wheregrowth is inhibited by impurity (F-Lyz) adsorption [84]. Thus, the crystal growth becomes
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dominated by one type of growth sector, {101}. This agrees with the lower uptake ofF-Lyz into these {101} facets.Boundaries between the {110} and {101} growth sectors can, with more difficulty,also be determined in crystals that are F-Lyz-free. The curvature of the boundariesdepends largely on the initial solution supersaturation, which decreases during growth.As shown in Fig. 5.9, the curvature of the sector boundaries indicates a decrease in thegrowth rate ratio R110/R101 upon continued growth. In addition, the optical image contrastof the sector boundaries points to a slightly different refractive index of the adjacentsectors, which is likely due to a slightly different composition (e.g. water, NaCl, impuritycontent) of these regions, which may retard the growth of certain faces and change thefinal shape of the crystal (Fig. 5.9).In several crystals, CLSM not only reveals the different growth sectors, but alsofossil patterns of spiral hillocks or 2D islands in {110} sectors (Fig. 5.10). The patternsexhibit an elongated lens-shaped morphology with tips pointing towards 〈110〉. Thesame patterns, amongst others, have been earlier observed in situ by high-resolutionphase contrast optical microscopy on the {110} faces of growing HEWL crystals [115].This observation shows that not only different growth sectors, but also different steporientations on a given protein surface can lead to differences in F-Lyz uptake.
F-Ins and F-BSA into tetragonal HEWLThe presence of F-Ins in the crystallisation solution reduces the nucleation of tetragonalHEWL crystals and the crystals grow only as oblong crystals. In contrast to F-Lyz, F-Insbecomes preferentially distributed into the {101} sectors, especially at the intermediatestage of growth. The cores of the tetragonal crystals as well as the crystal edges showno fluorescence. Unlike F-Lyz, F-ins acts as a heterogeneous impurity for HEWL that ispreferentially expelled by the crystal. This explains the uncontaminated cores (Fig. 5.11a).F-BSA mimics the action of F-ins on the nucleation and the impurity-free core, butoblong as well as symmetric tetragonal crystals are observed. Surprisingly, F-BSA iscompletely rejected from the {110} faces and is preferentially trapped by the {101} faces(Fig. 5.11b). In addition, its incorporation leads to the development of cracks in some ofthe symmetric crystals in both crystallographic sectors.
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Figure 5.9: Transmission micrographs showing {110}/{101} sector boundaries in tetragonal HEWLcrystals grown at low (a), moderate (b), and high (c) initial supersaturation. The presence ofimpurities can also affect the crystal morphology if symmetric facets do not grow equally fastbecause of surface blockage or the presence of different densities of screw dislocations (d). Allcrystals are displayed at the same magnification.
Figure 5.10: (left) Fossil pattern of spiral or 2D island growth in a {110} sector of tetragonalHEWL crystal monitored by CLSM; (right) Shape and orientation of the spiral patterns as reportedin the literature [116, 115]
Figure 5.11: CLSM micrographs at the central (110) plane of tetragonal HEWL crystals grown inthe presence of 0.05% (w/v) F-ins (a) and F-BSA (b) in their mother liquor.
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5.3.2 Monoclinic HEWLUnder the applied crystallisation conditions, the monoclinic HEWL crystals grow as oblongcrystals along [010], bounded by the crystallographic habit faces {010}, {101¯}, {101}and {001}. The planar (010) face has the highest growth rate. The opposite face (01¯0)is not related to (010) by symmetry, and is largely blocked. This polar growth of thecrystal with point group 2 was reported previously [117, 118]. {001} faces have usually avery high growth rate and are consequently hidden by slowly growing {101¯} and {101}facets, which possess the largest surface area on the crystals (Fig. 5.12).
Figure 5.12: Calculated growth profile for a monoclinic crystal, showing polar growth in the [010]direction
The optical transmission micrographs show that F-Lyz is readily incorporated intomonoclinic HEWL crystals. Interestingly, the crystals have the same size and shape withor without F-Lyz, which indicates that F-Lyz hardly affects the crystal growth and habit.The solution was colourless afterwards, while the crystals where very bluish/greenish andthe intensity of colouration is almost uniform throughout the crystals (Fig. 5.13). Thispoints to a unity segregation coefficient. The solubility of monoclinic solution was about2 mg/ml and, therefore, virtually all F-Lyz is consumed by the crystals.Viewing the crystals along their (101¯) plane, they show dichroism upon 90o rotationwith one fixed polariser (Fig. 5.14). The crystal colour vanishes when the crystallographicb-axis is parallel to the polarisation direction. This together with the case of tetrag-onal HEWL crystals confirms that there is a preferential orientation of the fluorophoreconjugated pi planes in the crystals.The confocal micrographs show that the fluorescence intensity is much higher thanthat for the tetragonal crystals grown using the same molar ratio of native to labelledHEWL monomers. The fluorescence is almost homogeneous over the crystals except for aslightly higher value for the rounded (01¯0) faces (Fig. 5.15a).
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Figure 5.13: Overview of monoclinic HEWL crystals grown in the presence of F-Lyz in their motherliquor. The crystals trapped all the F-lyz, leaving the depleted solution almost colourless.
Figure 5.14: Polarisation micrographs of a F-lyz containing monoclinic HEWL crystal whichencounters dichroism upon 90o rotation (a to b). A single polariser is used, its direction isindicated by an arrow.
Figure 5.15: CLSM micrographs of the central slices in monoclinic HEWL crystals grown in thepresence of F-Lyz (a), F-Ins (b) and F-BSA (c) in their crystallisation solutions.
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Although HEWL monoclinic crystals show a high tolerance for F-Lyz incorporationwithin their sectors, they reject incorporation of F-Ins almost completely (Fig. 5.15b)andof F-BSA completely (Fig. 5.15c). The luminescence intensity of the crystals is equal toor less than the very weak background luminescence induced by labelled molecules in thesolution or light scattering, which can only be detected using the highest PMT voltages(Table 5.1). This shows that when macromolecules crystallise in different polymorphicforms, they can display very different impurity incorporation [119].
5.3.3 Rhombohedral Bovine InsulinThe bovine insulin monomer consists of two polypeptide chains (A and B) linked bydisulfide bonds, which normally associate with another monomer to form dimers. Duringcrystallisation, three dimers assemble together into a cylindrical hexamer, which acts asthe asymmetric unit of the unit cell. The crystals then grow as rhombohedral crystals(Fig. 5.16) with space group R3, in which the asymmetric units are arranged at thecorners of the unit cell with a tilt of 258o out of the {100} crystallographic planes. Thegrowth of this crystal occurs through 2D nucleation and spiral growth on {100}, resultingin a rhombohedral morphology bounded by {100} faces [54].
Figure 5.16: Bright field transmission micrograph of rhombohedral bovine insulin crystal boundedby {100} faces.
One would expect that F-ins should behave as a micro-heterogeneous impurity for thecrystals of native insulin, which would be incorporated mostly at the early stage of crystalgrowth. In contrast, CLSM showed that the crystals did not possess fluorescent cores andthe incorporation of fluorescently labelled monomers (F-Ins) was only observed towardthe peripheries of the crystals (Fig. 5.17). This indicates a preferential incorporationof F-Ins at later stages of crystal growth, i.e., F-ins acts as a heterogeneous impurity.Under diffusion-limited crystallisation accomplished by using the ceiling method [69, 87],fewer crystals were obtained, but their final size was about four times larger than those
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Figure 5.17: CLSM micrographs of rhombohedral bovine insulin crystals grown in the presenceof F-Ins in their mother liquor. Diffusion-limited crystallisation conditions led to the growth ofcrystals (left panel) which are four times larger than those grown in the presence of convection(right panel). The micrographs display the central plane within the crystals.
grown in the presence of convection (Fig. 5.17). This shows the positive effect of diffusivemass transport on the growth, which facilitated the growth of bigger crystals comparedto those grown in the prescence of convection, which in turn were poisoned and stoppedtheir growth at a much earlier stage.Using a single polariser in the polarisation microscope, no dichroism was observed forthe insulin crystals. However, under a polarisation microscope with two crossed polarisers,the crystals showed an unusual sort of birefringence. The crystals changed colour frombright bluish to dark upon 60o rotation and restored their bright colour by a further 30orotation in the same direction.The complete segregation of F-ins except for crystal peripheries can again be explainedby looking into the molecular surface and its environment. From the molecular structure, Bchains have lysine residues which are involved in the intermolecular contact. In addition,both A and B chains have a free N-terminus, which lies at the surface of the hexamer,and is thus available for labelling. Earlier, Bergeron and co-workers showed that thesignificant release of water molecules upon the attachment of an insulin molecule to agrowth site may account for the hydrophobic nature of the intermolecular bonds in insulincrystals [120]. Hence, labelling one of the potential 12 N-terminal amino groups (as we didby reducing the molar ratio during the labelling process) with a hydrophilic fluorphore isexpected to seriously perturb the crystal packing as well as the crystal growth. Therefore,F-ins, despite its very close structural relationship to insulin monomers, acts as an impuritywhich is rejected by the bovine insulin crystal. This explains its incorporation only at thelater stages of crystal growth, which is the usual behaviour of a heterogeneous impurity[15] .
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5.3.4 BSA crystalsThe BSA crystals are very small and display an elongated lozenge shape (Fig. 5.18). Ina number of cases cross twins could be identified. The morphology of most crystals
Figure 5.18: Polarisation micrograph of BSA crystals grown in the absence of fluorophores, thecrystals had no detectable birefringence.
Figure 5.19: CLSM micrograph (left) and its bright field transmission counterpart (right) of BSAcrystals grown in the presence of F-BSA in their mother liquor. The very weak background lightintensity results from luminescence of F-BSA in the solution and from light scattering.
seems to comply -on average- with point group 2/m (monoclinic), which was also recentlyreported elsewhere [121, 122], though we used a very different crystallisation protocol.No birefringence was observed between crossed polarisers, regardless of crystal ori-entation. Presumably, the crystals were too thin to show this effect. Adding F-BSAdid not change the nucleation and growth properties of BSA crystals. Under CLSM, thecrystals showed no fluorescence, even at their peripheries. This indicates that F-BSA wascompletely rejected from the BSA crystal lattice (Fig. 5.19). A hypothesis explaining therejection of F-BSA from BSA crystals, which still needs further confirmation, is enclosedin the appendix. Here, we can account the complete rejection of F-BSA from BSA crystals
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for an abrupt increase of negative charges at a certain site of F-BSA, which increases therepulsive forces at essential intermolecular contact points, but also perturbs the packingwithin the crystal lattice.
5.4 Conclusions
In this paper, we showed the possibility of studying the growth history of protein crystalsby labelling their monomers with a fluorophore. Only trace amounts of F-proteins wereadded into the mother liquor of the native monomers. The crystals were examined bypolarisation as well as confocal fluorescence microscopy. This provides a powerful meansto visualise the crystals as if they were monitored over time during their nucleation andsubsequent crystal growth, without the need to record the entire experiment.Our study shows that in many cases the distribution of impurities is not uniformwithin the crystals and can vary for the different growth sectors, cores and peripheriesof the crystals. This implies that likely the diffraction quality of the crystals is positiondependent. So, using an X-ray micro beam targeting a specific position in a crystal, knownfrom preliminary inspections for its relatively higher perfection, can lead to an improveddiffraction quality in protein crystallography.We also found that the incorporation and optical properties of the labelled proteinsdiffer to a large extent for the different systems investigated, showing either preferentialor partial/complete rejection The interaction between the target protein and its F-proteincan be very different from expected as was the case for F-Ins and F-BSA into respectiveinsulin and BSA crystals. This highlights the importance of the surface hydrophobicity,which is sometimes more influential than other parameters regarding the intermolecularinteractions between the macromolecules and eventually the crystal growth structure.Therefore, studying the optical properties of protein crystals "illuminated" with F-proteinscan provide essential observations on their growth and perfection. This can help to betterreveal more about the macromolecular structures of those proteins that are still not solvedto high degrees of precision.
Appendix
Derivation of Equation 5.1Orientation of the (110) and (101) growth sector boundary in tetragonal HEWL viewedin a (110) cross-section plane as a function of the relative growth rates of the adjacent
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(110) and (101) growth faces.We consider a cross-section plane (110) (the plane scanned by the confocal fluo-rescence microscope, shown in Fig. 5.4) in the tetragonal HEWL crystal. The boundarybetween the sectors of the two adjacent side faces (110) and (101) is the trajectory ofthe intersection point of the two intersecting lines of both faces with the basic plane(110) (Fig. A.1). In the following the indices 1 and 2 refer to the (101) and (110) planesrespectively.
Figure A.1: The trajectory of the sector boundary between the two adjacent faces (110) and (101)imaged on the cross-section plane (110) is given by the intersection point of the two intersectionlines of both side faces with the basal plane (110). Top view on (110).
The advancement rate of the two intersection lines (Fig. A.2) is given by:
Vi = Risinβi (A.1)with Ri the growth velocity of side face i, Vi the advancement rate of the intersection lineand βi the angle between the basal (110) plane and the side face in question. For the(101) plane β1 = 72.21o; for (110) β2 = 90o.The trajectory angle, φ, of the intersection point of the of the two intersection linescan now be derived by using Fig. A.3 and considering that the trajectory velocity is givenby the vector sum V ′t = V ′1 + V ′2 . Here V ′i prime holds for the intersection point velocity’component’ of face i parallel to the intersection line of the other face. From Fig. A.3 itfollows that
V ′1 = V1sin and V ′2 = V2sin α (A.2)
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Figure A.2: The advancement velocity of the intersection line between the basal face and a sideface as a function of side face growth rate velocity and its angle with the basal face. Side view.
Figure A.3: The trajectory angle, φ, is determined by the angle between V ′t = V ′1 + V ′2 and thehorizontal [001] crystallographic direction. Top view on (110).
and V ′2t = V ′21 + V ′22 + V ′1V ′2cosα (A.3)with α the angle between both intersection lines. The trajectory angle, φ, (which is theangle between V ′t and the horizontal [001] direction) is given by
sinφ = V2V ′t (A.4)or (sinφ)−1 = V ′tV2 = (V ′21 + V ′22 + V ′1V ′2 cos α)1/2V2 . (A.5)Rewriting equation 5.5, using equations 5.2 gives:
sin2 αsin2 φ = Γl122 + 2Γl12 cos α + 1 (A.6)
with Γl12 = V1V2 the ratio of the two intersection line displacement velocities. Expressed in
5.4. CONCLUSIONS 107
the ratio of the growth velocities of the side planes, Γp12 = R1R2 one obtains
Γp122( sin β2sin β1 )2 + 2Γp12( sin β2sin β1 ∗ cos α)− sin2 αsin2 φ + 1 = 0. (A.7)
Now, using the HEWL values β1 = 72.21o, β2 = 90o and α = 108.72o, one obtainsthe quadratic equation:
1.1029Γp122 − 0.6740Γp12 + (−0.8970sin2 φ + 1) = 0 (A.8)
Solving this equation gives the expression of the relative growth rates of the adjacentfaces (110) and (101) as a function of sector boundary slope φ
R101R110 = 0.3056 +
√0.8133sin2φ − 0.8133 (A.9)
Hypothesis for the complete rejection of F-BSA from BSA crystalsFor some reason, covalently bonded fluorophores to F-BSA suppresses the interactionbetween native BSA and F-BSA.BSA is a negatively charged protein at pH > 4.7. During the labelling (at pH 8.3), thenegativity of BSA is relatively (pI 4.3). In addition, BSA molecules were shown earlier topossess a positively charged residue adjacent to its hydrophobic binding site. Furthermore,BSA binds anions more tightly than cations or neutral molecules with similar hydrophobicgroups, even when the overall charge on the protein is negative [123]. All these featuresare expected to enhance the interaction of the negatively charged fluorophore with BSAmolecules, which is reflected on the high labelling efficiency, as confirmed by the MALDI-TOF and Spectrophotometric measurements.Moreover, the applied crystallisation conditions (pH 6.5-7) allowed both native andlabeled BSA to maintain their net higher negative charge, while the latter possesses anextra negatively charged pulp on its surface due to the three sulfonate groups of thefluorophore (Fig. 5.6).In our experiments, we used fatty acid-free BSA and therefore the 7 available fattyacid (FA) pockets are essentially FA-free in our experiments (Fig. A.4).It was shown that during BSA crystallisation, PEG fragments and sulfate groupsoccupy fatty acid pockets on "A" subdomains in the macromolecule [122]. The FA1, whichlies on the upper side of the molecule in IB subdomain, is thus the only possible major free
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Figure A.4: BSA monomer with the main domains I, II and III and A and B subdomains of each.FA pockets coloured FA1, blue; FA2, pink; FA3, green; FA4, light green; FA5, violet; FA6, red;FA7, cyan. (Reproduced with permission of the International Union of Crystallography ([122])
position for binding with the fluorophore [121]. The unit cell of BSA crystals was shownto have an asymmetric unit of 2 BSA monomers that lie head to head. This means thatan F-BSA with a fluorophore hanging at that side not only increases the local negativecharge and causes repulsion, but also perturbs the packing within the crystal lattice.
Chapter 6
Ceiling Growth cell forConvection-free ProteinCrystallization1
AbstractA growth cell has been designed for an easy application of the ceiling crystallisationmethod. The growth cell allows for diffusion-limited crystal growth with a total volumedown to 10 µl per trial and air-tight sealing for any type of protein sample. The ceilingcrystals grow to sufficient size for diffraction experiments.
1The content of this chapter is to be submitted as: Alaa Adawy, Wil Corbeek,Erik de Ronde, Willem de Grip, Willem van Enckevort and Elias Vlieg
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6.1 Introduction
In macromolecular crystallography, the growth of high quality crystals is a prerequisite forthe determination of the structure of biological macromolecules. There is ample evidencegenerated in a large amount of studies by research groups worldwide that diffusion-limited growth conditions can result in the growth of better crystals compared to thosegrown under otherwise identical conditions [69, 33, 25, 86]. The merit of diffusion limitedgrowth is that it allows protein crystals to grow from an initially highly supersaturatedsolution, which after nucleation undergoes a steady decrease in its supersaturation withno fluctuations. Also, the incorporation of sediments and impurities is highly suppressed.Diffusion-limited growth is attained in space microgravity conditions [44], but can also beaccomplished under terrestrial conditions using magnetic fields [49], micro-capillaries [47]and gels [48]. This insight led to the development of commercially available equipmentfacilitating crystal growth of macromolecules through diffusive mass transport [124].Despite the advantages of diffusion-limited growth, most protein crystallisation exper-iments are performed using the vapour diffusion and micro-batch methods, because theyallow a small sample volume per trial (<10 µl) and are thus easily automated and oftenyield good results. We have recently developed a simple diffusion-limited crystallisationmethod in which crystals grow at the very top (ceiling) of a vial overfilled with batchcrystallisation solution [68]. Such ceiling crystals diffracted X-rays to high resolutionlimits [69]. This is mainly due to the development of a depletion zone around the growingcrystals, which is not disrupted by convection currents [87]. The ceiling method is notintended for high throughput crystallisation screening [125] or miniaturisation, owing tothe relatively large volume of the used crystallisation solution per trial. Vapour diffusionor micro-batch can be used for that. Yet, once the optimum growth conditions are known,the ceiling method is a convenient way to optimise the resultant crystal quality. Here, wereport our "ceiling crystallisation kit", which we have recently developed. Our aim is tomake the method widely available and further expand its potential, so that it may becomeone of the standard methods used by protein crystallographers.
6.2 Design considerations
We developed the ceiling method using commercially available micro-centrifuge tubes andmicro- and nano-plates, with which we scaled the required solution volume from 1.8 mldown to 10 µl. In all these setups, ceiling crystals heterogeneously nucleate on the coverslips [126]. Because the ceiling method does not rely on solution evaporation, tight sealingis required to avoid any solution or air leakage out of or into the growth cell at the cover
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slip-vial interface. Unlike vapour diffusion, for which vacuum grease or petroleum jellycan be easily used, the ceiling method in its original set-up [69] leads to solution-greasecontact. It was shown earlier that grease does not act as an impurity for proteins [127],yet we have seen in our experiments a preferential nucleation of protein crystals at thegrease side. Although microscopic inspections reveal that the crystals exhibit very goodoptical quality, fishing the crystals for cryo-protection and subsequent data collection istoo difficult to be accomplished without contaminant portions of the sealant on the crystalsurface. This is because the applied thin bead of grease or any other sealant tendsto diffuse towards the very limited area for ceiling crystal growth (small diameters <4mm2 in nano-plates) and therefore, eventually interferes with the growing crystals. Thisaffects the final diffraction quality of the crystals. Moreover, applying grease adverselyinfluences attempts to crystallise membrane proteins which require detergents for theircrystallisation.Earlier, screw-capped wells on a plate (EasyXtal 15-Well Tools) have become com-mercially available for the hanging drop vapour diffusion method. For the ceiling method,this design would provide not only an alternative for the vacuum grease and all its con-sequences (air bubbles and solution leakage), but also the possibility of transferring theceiling crystals from one condition to another, so that one can decouple the phases ofnucleation and growth [128]. However, in case of the ceiling method, this decouplingis generally not required, because of the development of the depletion zone around theceiling crystals. In addition, screwing the cap all the way down, is by itself a possiblesource of air leakage. We, therefore, have developed a design using a clamped rubberO-ring for an air-tight sealing. The design further facilitates microscopic inspection ofthe growing crystals.
6.3 The apparatus: The ceiling crystallisation kit
A ceiling crystallisation kit consists of a growth cell, mounting plate, cover slip, rubberO-ring and Teflon clamping plate (Fig. A.1).A schematic diagram of the growth cell is given in Fig. A.2. The cells are made fromoptically clear and (preferably) hydrophobic materials. We used Perspex (after surfacetreatment), but polystyrene and polypropylene are even better, because mostly they do notneed surface treatment. For convenient handling, the outer size of these cells (φ 6 mm)is the same as that of the cylindrical cavities in the mounting plate. The cells are milledto have cone shaped wells with a total volume of 8 µl, but other shapes and volumes arealso possible. At the upper edge of each well, a groove is made to embed a rubber O-ring
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Figure A.1: A cross section (a) of a mounted assembly and a photograph (b) of its components:growth vial (1), rubber ring (2), mounting plate (3), cover slip (4) and Teflon clamping plate (5).The crystallisation solutions overfills the wedge-shaped volume in the growth cell. The proteincrystals should grow underneath the cover slip.
Figure A.2: Schematic diagram of the growth cell.
(NBR 36624 3.5 × 1, ERIKS) for watertight sealing. The cell can then be inserted in itscavity in the mounting plate.The growth cell can easily be inserted into and removed from the optically clearPerspex mounting plate, which can be used repeatedly (Fig. A.3). On the top of thisplate, two stainless steel pins are mounted to hold the Teflon clamping plate. The Teflonplate has a hole in its centre to allow for microscopic inspection and a groove to embeda siliconised glass cover slip (φ12 mm, 1.2 mm thick, HR8-088, Hampton Research)(Fig. A.4). The clamping plate has 4 circular notches for an easy and tight lock (Fig. A.5).For convenience, 12 growth cells can be mounted on a plate of the standard dimensions(130 × 90 × 8 mm3) with cylindrical cavities for each complete assembly (Fig. A.6).
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Figure A.3: The mounting plate with an inserted growth cell.
Figure A.4: Teflon clamping plate: outer view (a), inner view (b), a glass cover slip can be insertedinto the inner groove (c, d).
6.4 Application
For every growth vial, 10 µl of the protein crystallisation solution is prepared using thesame protocol for setting (micro-)batch crystallisation trials. In case the protein undertest has been crystallised by vapour diffusion, instructions for converting vapour diffusionto batch method and vice versa are available elsewhere [11]. The clean growth cell isinserted into the mounting plate and the rubber O-ring is positioned. On the inner sideof the clamping plate, a thick glass cover slip is inserted. The vial is then overfilled withthe mother liquor and directly covered, excluding any air bubbles. During the experiment,the cell should be kept under temperature-controlled and vibration-free conditions. Thissetup can easily be inspected using a microscope with working distance down to 10 mm.After growth of the protein crystals to their final size, the clamping plate is unlocked andturned upside-down, exposing the ceiling crystals which are attached to the cover slip.The crystals will be wet with a small amount of adhering solution and the addition of thecryoprotectant (if needed) will be easy, as is fishing the crystals on silicon loops for datacollection.
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Figure A.5: The set up provides an easy and tight lock by rotating the Teflon plate.
Figure A.6: A plate of 4 × 3 cells for ceiling crystallisation.
6.5 Results
We used this kit to grow crystals from a model protein (Hen egg white lysozyme, HEWL)as well as a confidential (proprietary) enzyme, which we obtained as a purified samplein a scientific collaboration with NTRC2. HEWL was crystallised into tetragonal crystalsas described elsewhere [69]. The resultant crystals were compared to others grown inmicrotubes, which provide a total volume 100 × larger than which our crystallisation kitprovides per trial. As shown in Fig. A.7, the enzyme crystals have grown in the ceilingkit to optimum sizes for XRD measurements. Ceiling tetragonal HEWL crystals also grewto an optimum size for diffraction measurements, and were about 2 × larger than a batchcrystal that grew at the bottom of the cell (Fig. A.8).
6.6 Discussion and Conclusion
In our view, ceiling crystallisation is not a replacement for the currently used screeningmethods. For this commercial kits are available for efficient and flexible screening ofcrystallisation conditions for proteins, peptides, nucleic acids, macromolecular complexes
2Netherlands Translational Research Center, Oss, the Netherlands
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Figure A.7: Micrograph of the enzyme ceiling crystals grown using the ceiling crystallisation kit.
Figure A.8: Micrographs of ceiling (a) and batch (b) tetragonal HEWL crystals grown in theceiling crystallisation kit.
and water soluble small molecules. But once the appropriate conditions are found (usuallyfrom crystallisation conditions that were statistically most successful in yielding proteincrystals suitable for X-ray diffraction), the ceiling method could improve the crystal finalquality, because of its convection-free crystallisation environment [69].The designed cell is easy to use and does not really require automation, becausemostly few (<30) crystallisation trials are sufficient at this late stage of optimisation. Thekit has the following advantages:
1. It allows a total sample volume down to 10 µl per trial; but larger volumes arepossible. This may be required for 10 × larger crystals, which are required forneutron crystallography;
2. Through the rubber O-ring, it provides mechanical air-tight sealing and there isno need to use vacuum grease or petroleum jelly which are a possible source ofcontamination, and are, moreover, incompatible with detergent-solubilised membraneproteins. The cell is thus suitable for the crystallisation of any type of protein;
3. It facilitates microscopic inspection, which is required for an easy follow-up for theexperimental results;
4. It can be used with commercially available cover slips. In case nucleation needs to
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be enhanced, these slips can be surface treated or a nucleant can be applied.
5. It facilitates fishing of the resultant protein crystals.
In conclusion, we designed a dedicated ceiling crystallisation kit, which is easy touse and suitable for any type of protein solutions. We hope that this kit will encouragethe crystallisation community to use the ceiling method and we encourage researchers tocontact us for discussing the application of this hardware.
Summary
A large of studies have been conducted on proteins to determine their structures. Forthat, many research groups are used to growing protein crystals, but less are interestedin understanding the physical factors which affect this process. This thesis focuses on thethese factors and how they can improve the crystal final quality. Because protein crystalsare grown from solution, the rate limiting step can be the transport of the solute to thecrystal surface (diffusion control) or the addition of solute to the crystal surface (interfacecontrol). In unstirred stagnant solution, diffusion control dominates and crystals can growrelatively large and perfect. Therefore, sources of convection should be avoided. A numberof attempts were made in order to accomplish convection-free crystallisation conditions,yet the application of these methods is often quite complex. In this thesis, I have studiedthe possibility of growing protein crystals using an efficient setup based on an up-sidedown configuration, in which the protein crystals nucleate and grow downwards from theceiling of a growth cell overfilled with crystallisation solution. This allows for exploitingthe gravitational force to effectuate diffusion-limited crystal growth, which is far simplerthan, for instance, using microgravity conditions.This approach, dubbed the ceiling crystallisation method, is described in chapter two.Ceiling crystallisation results in a significant improvement of X-ray diffraction resolutionfor a number of model protein crystals. Their resolution exceeded the current worldrecords realised using other growth methods. Also, the ceiling crystals are larger, purerand resulted in higher resolution compared to their batch counterparts grown at the bottomof the same growth cells.The time evolution of the solute concentration in the vicinity of the crystals is reportedin chapter three. This is studied using a combination of microscopic and interferometricexperiments and numerical simulations. This synergy provides a comprehensive view ofthe direct effects of solution movement and depletion and how this can directly affect theceiling and batch crystal growth. While the microscopic inspections provide details aboutthe external morphology of the crystals, the Mach-Zehnder interferometer provides a tool tomonitor the spatial changes in solute concentration and flows in the crystallisation solution.Combining and processing a number of consecutive interferograms, phase-shifted with
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respect to each other, allow the determination of the spatial changes in the refractive index.Using the relation between solute concentration and refractive index, the concentrationprofiles are estimated with high precision. The concentration profile for crystal growthand dissolution at the ceiling and the bottom of growth cells were validated by numericalsimulation using FLEX software suite. The results show the progression of the depletionzone during ceiling crystal growth, while convection plumes are rising from the batchcrystals. The development of the depletion zone depends on growth cell dimensions,supersaturation and diffusion coefficient of the crystallising solutes.In chapter four, a systematic study is presented on the influence of impurities onprotein crystallisation in the presence and absence of convection currents, by comparingceiling and batch crystals growing simultaneously in the same vials. The incorporation ofimpurities is determined by both the so-called segregation coefficients of impurities andthe mass transport. For most studied impurities, the difference between ceiling and batchcrystals follows the expected behaviour. Ceiling crystallisation is especially favourablefor impurities that are preferentially incorporated. I have found, in contrast to previousreports, that the low growth rate during ceiling crystallisation results in very much reducedincorporation of large heterogeneous impurities. In addition, ceiling crystals beat othersgrown under convection currents in their structural resolution in all the studied cases.By exploiting fluorescent labelled proteins as additives during protein growth, chapterfive reports the possibility of monitoring the crystal growth history and symmetry throughstudying the optical properties of protein crystals by polarisation and laser confocalfluorescence microscopy. I present this new microscopic approach perspective to proteincrystallographers which not only allows distinguishing protein crystals from salt crystals,but also shows their detailed growth behaviour. It is found that the optical properties,incorporation and distribution of the fluorescently labelled proteins in the various proteincrystals differ significantly for the different additive-host systems. This shows that impuritysegregation is indeed a complex issue.Finally, I report on our ceiling crystallisation kit in chapter six. This technicaldevelopment is meant to facilitate the application of the ceiling method. The set-upprevents solvent evaporation and allows the crystals to grow large enough for optimaldiffraction experiments.Gravity is often blamed for hindering the growth of large and high quality crystals,because it drives convection currents. Through experiments and simulations, this thesisdemonstrates the positive effect of gravity on protein crystal growth, provided that thecorrect configuration of ceiling growth is chosen. I show here that the convection currentdilemma can be overcome, if we use the ceiling method and have an "opposite" perspectiveto the gravitational force. If I would define a key phrase for the concept elaborated inthis thesis, it would be "keep it simple!".
Samenvatting
Tijdens de afgelopen decennia is er veel onderzoek verricht aan eiwitkristallisatie omde structuur van deze biomoleculen te achterhalen. Hoewel een groot aantal onderzoeks-groepen geinteresseerd was in de groei van eiwitkristallen, kregen de fysische factoren diedit proces bepalen relatief weinig aandacht. Dit proefschrift richt zich juist op deze factorenmet het oog op een verbetering van de uiteindelijke kristalkwaliteit. Omdat eiwitkristallengroeien vanuit een oplossing, kan de snelheidsbeperkende stap hetzij het transport van deopgeloste stof naar het kristaloppervlak zijn (diffusiebepaald) hetzij de aanhechting vande opgeloste stof aan het kristaloppervlak (oppervlaktekinetiek bepaald). In ongeroerde,stilstaande oplossingen zal diffusie domineren, waardoor kristallen kunnen uitgroeien totrelatief grote en perfecte exemplaren. Daarom moet elke bron van convectie worden ver-meden. Verschillende pogingen hiertoe zijn al gedaan, maar helaas zijn de toegepastemethoden vaak erg ingewikkeld. In dit proefschrift heb ik de mogelijkheid onderzocht omeiwitkristallen te groeien met behulp van een eenvoudige opstelling die diffusiebepaaldegroei mogelijk maakt. In deze configuratie is alles als het ware omgekeerd, waarbij heteiwit kiemt en uitgroeit bovenin een afgesloten groeicel die tot aan de top is gevuld met dekristallisatieoplossing. Deze "ceiling" (= plafond) kristallisatiemethode maakt gebruik vande zwaartekracht om diffusie tijdens de kristalgroei uit te sluiten, wat stukken eenvoudigeris dan bijvoorbeeld gebruik te maken van microgravitatie. Deze ceiling aanpak, heb ikgedetailleerd beschreven in hoofdstuk twee. Toepassing van de kristallisatiemethode vooreen aantal model-eiwitkristallen resulteerde in een significante verbetering van de reso-lutie gemeten met behulp van röntgendiffractie. In enkele gevallen werd zelfs het huidigewereldrecord verbroken. Ook zijn de ceilingkristallen groter, zuiverder en hebben ze eenbetere röntgendiffractiekwaliteit dan hun batch tegenhangers gegroeid op de bodem van decel. Hoofdstuk drie behandelt de tijdsafhankelijke verandering van het concentratieprofielvan de opgeloste stof tijdens de groei van kristallen. Dit heb ik onderzocht door ge-bruik te maken van microscopische en interferometrische experimenten gecombineerd metnumerieke simulaties. Deze synergie geeft een gedetailleerd inzicht in de convectie-stromen en depletie van de oplossing en hun invloed op de groei van zowel de ceilingals de batch kristallen. Terwijl de microscopische waarneming informatie geeft over de
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vorm van de gegroeide kristallen, geeft het gebruik van een Mach-Zehnder interferometerinlichting over de tijd- en plaatsafhankelijke veranderingen van de concentratie opgelostestof in de oplossing tijdens hun groei. Door een aantal opeenvolgende interferogram-men, ieder met een faseverschuiving van een kwart golflengte opgenomen, te verwerkenmet een geschikt algoritme wordt de ruimtelijke verdeling van de brekingsindex van deoplossing berekend. Gebruikmakend van het verband tussen brekingsindex en concen-tratie volgt hieruit nauwkeurig het concentratieprofiel. De gemeten concentratieprofielen,voor kristallen, zowel bovenin als onderin de groeicel, werden gevalideerd met behulp vannumerieke simulaties waarbij gebruik werd gemaakt van het FLEX softwarepakket. Deresultaten tonen de ontwikkeling en expansie van de stagnante depletiezone bij ceiling-groei, terwijl convectiepluimen omhoogstijgen vanaf de batchkristallen. De ontwikkelingvan de depletiezone is afhankelijk van de afmetingen van de groeicel, de oververzadigingen de diffusiecoëfficient van de te kristalliseren stof. Hoofdstuk vier omvat een systematis-che studie van de invloed van onzuiverheden op eiwitkristallisatie zowel in aanwezigheidals in afwezigheid van convectiestromen. Dit gebeurde door ceiling- en batchkristallengelijktijdig gegroeid in dezelfde cel te vergelijken. De inbouw van onzuiverheden in eenkristal wordt zowel bepaald door hun segregatiecoefficiënt als door het massatransport inde oplossing. Voor de meeste van de onderzochte onzuiverheden was het verschil tussende ceiling- en de batchkristallen zoals verwacht. Ceilingkristallisatie bleek vooral gun-stig voor onzuiverheden die gemakkelijk inbouwen in het kristal. In tegenstelling tot watvaak in de literatuur wordt aangenomen, vond ik dat de lage groeisnelheid tijdens deceilinggroei resulteerde in een veel geringere inbouw van grote, heterogene, onzuiver-heidmoleculen. Bovendien waren de ceilingkristallen in alle onderzochte gevallen quarÃűntgendiffractiekwalitateit beter dan hun batch tegenhangers gegroeid in aanwezigheidvan convectiestromen. Door fluorescent-gelabelde eiwitmonomeren als additief toe te voe-gen tijdens de groei van diverse soorten eiwitkristallen kon hun groeigeschiedenis ensymmetrie worden vastgelegd door hun optische eigenschappen te registreren met behulpvan polarisatiemicroscopie en confocale fluorescentiemicroscopie. Dit heb ik beschrevenin hoofdstuk vijf. Voor eiwitkristallografen is dit belangrijk omdat ze met deze methodengemakkelijk onderscheid kunnen maken tussen eiwitkristallen en zoutkristallen in dezelfdeoplossing. Daarnaast geeft deze aanpak gedetailleerde informatie over het groeigedragvan de kristallen en de verdeling van de onzuiverheden in de kristallen. We vonden dat deoptische eigenschappen, de inbouw en verdeling van de fluorescent-gelabelde additievenin de eiwitkristallen sterk varieerde voor de verschillende additief-gastheer systemen.Hieruit blijkt dat de inbouw van onzuiverheden in kristallen een verre van eenvoudigekwestie is. Tenslotte beschrijf ik in hoofdstuk zes een praktische kit die het toepassen vande ceilingmethode vergemakkelijkt. Ondanks het heel kleine volume van de oplossing perexperiment, voorkomt de opstelling verdamping van het oplosmiddel en kunnen kristallenvan voldoende grootte gegroeid worden, zodat ze optimaal geschikt zijn voor röntgen-
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diffractieonderzoek. Zwaartekracht wordt altijd als schuldige beschouwd die de groeivan grote en perfecte macromoleculaire kristallen bemoeilijkt, omdat ze convectiestromenveroorzaakt. Dit proefschrift toont door middel van experimenten en simulaties aan dat dezwaartekracht een positieve uitwerking kan hebben op de groei van eiwitkristallen, mitsmen de ceilingconfiguratie op de juiste wijze gebruikt. Ik laat hier zien dat het dillemmavan de convectiestromen kan worden overwonnen door gebruik te maken van de ceilingmethode die van de vijand "gravitatie" een vriend maakt. Als ik het concept uitgewerkt indit proefschrift in één zin zou samenvatten, luidt het: "hou het eenvoudig".
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